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ABSTRACT 


This  report  summarises  the  results  of  a broad  programme  of  work 
on  high  speed  liquid  impact.  Two  methods  were  used  for  producing  high 
velocity  impact.  The  first  involved  projecting  a jet  of  liquid  at  a 
stationary  target  while  in  the  second  25.4  mm  diameter  specimens  were  fired 
by  a gas  gun  at  suspended  drops.  One  of  the  main  objectives  of  the  study 
was  to  place  the  jet  metliod  on  a sound  quantitative  basis.  Detailed 
studies  of  jets,  using  high  speed  photography  at  microsecond  framing  rates, 
allowed  the  conditions  for  producing  stable  and  reproducible  jets  to  be 
obtained  for  a wide  range  of  jet  velocities  (up  to  'vlOOO  m s and  jet 
diameters  (0.4  to  3.2  mm).  Information  on  chamber  design  and  jet  parameters 
is  given  in  the  report.  The  next  aspect  of  the  study  involved  an  attempt 
to  relate  jet  impact  damage  with  that  caused  by  drop  impact.  This  was 
achieved  after  experiments  in  which  high  speed  photography,  pressure  measur- 
ing techniques  and  damage  studies  all  played  important  roles.  The  establish- 
ment of  the  jet  method  as  a quantitative  approach  to  liquid  impact  studies 
has  practical  application  since  the  method  has  advantages  in  its  ease  of 
operation,  its  ability  to  simulate  very  large  drop  sizes,  and  the  fact  that 
the  target  is  stationary.  High-speed  photography  and  pressure  measurements 
with  250  Um  diameter  PZT4  transducers  were  used  to  study  the  pressures 
generated  by  liquid  impact.  Evidence  was  found  of  liigli  edge  pressures  in 
an  annular  region  around  tile  main  water  hammer  area.  , The  final  section  of 
the  report  describes  a hydrostatic  test  apparatus  developed  for  measuring 
the  "residual  strength"  of  brittle  specimens  following  liquid  impact.  The 
importance  of  quantitatively  assessing  damage  is  emphasized  in  this  report. 

With  brittle  solids  such  as  glasses  it  is  shown  that  large  strength  losses 
can  take  place  before  the  damage  reaches  visible  dimensions.  This  clearly 
has  practical  importance.  The  factors  affecting  the  shape  of  residual  strength 

curves  are  discussed. 
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InC  roduct ion 


1 . 


It  is  well  known  that  the  impact  of  a liquid  and  a solid  has 
important  consequences  in  the  rain  erosion  of  aircraft,  the  erosion  of 
steam  turbines  and  in  cavitation  phenomena.  The  work  described  in  this 
final  report  was  primarily  concerned  with  the  damap.e  pn>duced  by  the 
impact  of  large  water  drops.  This  kind  of  work  is  important  since  it  is 
known  that  a large  mass  of  liquid  in  a single  drop  ran  <<iuse  much  more 
damage  than  the  same  mass  divided  into  smaller  dn>ps.  Tims  although  a 
rain  field  may  contain  only  a relatively  few  large  ilrops,  it  can  be  these 
which  determine  the  catastrophic  failure  of  a component,  for  example,  a 
glass  radome . 

We  used  two  methods  for  simulating  the  collision  with  large  water 
drops.  The  first  was  the  technique  first  devised  by  Bowden  and  Brunton 
(1958,  1961)  for  projecting  a jet  of  liquid  at  a stationary  target.  The 
second  was  a gas  gun  which  can  fire  25.4mm  diameter  specimens  at  stationary 
drops . 

Both  of  these  methods  have  their  own  advantages.  The  first  method 
has  the  disadvantage  of  shooting  a jet  of  liquid  but  has  distinct  advantages 
in  its  ease  of  operation,  low  construction  cost,  and  the  velocity  range 
that  can  be  covered.  The  second  is  nearer  the  practical  situation,  since 
a spherical  drop  is  struck,  but  has  disadvantages  as  regards  the  size  of 
specimen  which  can  be  projected  and  the  deceleration  (without  further 
damage)  of  the  specimen  after  impact.  The  suspension  of  spherical  water  drops 
of  diameter  greater  than  2mm  is  also  a problem. 

One  of  the  objectives  of  the  present  project  was  to  sei'  if  tlu' 
jet  method  could  be  put  on  a sounder  quantitative  basis.  This  has  in- 
volved extensive  studies  of  jet  prodiution  and  impact  (aided  greatly  bv 
high-speed  photography  at  microsecond  fr.iming  rates)  and  the  measunment 
of  pressures  produced  by  liquid  impact. 


r 

2 . 

We  have  also  attempted  to  put  damage  assessment  on  a more  quanti- 
tative basis.  This  has  involved  measuring  the  "residual  strengtiis"  of 
samples  following  impact.  Strength  was  measured  using  a hydraulic  strength 
testing  technique.  As  is  shown  later  curves  of  residual  strength  versus 
impact  velocity  (for  a constant  jet  size)  show  a sharp  fall  of  strength 
when  a critical  velocity  region  is  reached.  This  loss  of  strength  comes 
at  velocities  be  tow  those  which  give  visual  impact  damage.  Clearly  this 
is  a point  of  practical  interest. 

As  will  become  clear  later,  one  of  the  conclusions  from  the  research 
* is  that  reproducible,  stable  jets  can  be  produced  which  can  simulate  drop 

^ impact.  For  this  reason  the  report  includes  experimental  details  and 

references  so  that  any  of  our  apparatus  can  be  readily  reproduced.  For 
example  there  will  be  details  of  (i)  the  jet  production  method,  (ii)  the 
gas  gun,  (iii)  the  hydraulic  strength  tester,  and  (iv)  pressure  measuring 
techniques.  All  of  the  above  are  relatively  "low  cost"  items  which  any 
laboratory  with  a well-equiped  workshop  and  electronics  section  could 
construct.  We  have  also  used  high-speed  cameras  extensively  and  these 
are  expensive  items.  However,  although  high-speed  framing  plio togr.iiihy  giving 
several  sequential  pictures  w.is  essential  for  our  work  in  which  we  had 
to  establish  conditions  of  jet  stability  etc.  it  was  iu)t  so  necissary 
for  future  workers  using  the  jet  method.  A section  is  included  therefore 
describing  how  spark  photogr.iphy  and  photo-cell  methods  could  be  used  to 
observe  jet  shapes  and  velocities  in  a simple  and  inexpe-nsive  manner. 

h- 

2.  Jet  Production 

The  basic  method  for  jet  production  was  worked  out  by  Bowden  and 
Brunton  (1958,  1961).  A projectile  is  fired  into  a stainless  steel 
chamber  containing  a small  quantity  of  water  sealed  in  by  a neoprene  disc. 

The  projectile  .ind  neoprene  drive  forward  as  .i  piston  and  extrude  the  water 

_ _ I 


throiigli  a narrow  orifioo.  The  ratio  of  water  jot  volooity  to  projootile 
velocity  is  typically  3-5  times  (see  later  for  details).  I'igiire  1(a) 
shows  schema t i ca 1 1 y the  design  of  the  stainless  steel  chambers  which  we 
found  most  suitable.  A range  of  jet  diameters  is  obtained  by  varying  the 
dimension  d.  In  preparing  a chamber  the  inner  contours  sluniUl  be  smoothed 
so  that  there  are  no  sharp  changes.  A few  firings  are  usually  needed  tor 
a new  ciiamber  to  "run  in",  but  then  the  chamber  behavc's  reproducibly  for 
many  hundreds  of  shots.  The  neoprene  discs  are  usually  punched  out  from 
2mm  thick  sheet  (the  punch  is  a slotted  steel  block  with  a vertical 
cylindrical  hole  down  which  a rod  of  4 . 8mm  diameter  is  pu.shed).  The  back 
surface  of  the  disc  should  be  flush  with  the  rear  surface  of  the  chamber. 

A convenic'Ut  way  to  load  the  chamber  is  through  the  nozzle  using  a hypo- 
dermic syringe.  Care  has  to  be  taken  to  ensure  that  the  chamber  liquid 
does  not  contain  particles  or  air  bubbles.  The  liquid/air  interface 
affects  the  jet  production  but  this  is  discussed  in  detail  later,  where 
specific  loading  instructions  are  given  for  stable  jet  production  for 
a variety  of  diameters. 

Various  other  chamber  designs  were  tried  but  this  proved  the 
most  suitable  for  present  retpi i rement s . The  chamber  is  not  optimised  for 
producing  high  jet  velocity  to  projectile  velocity  ratios,  since  our  jets 
adequately  cover  the  range  required  in  rain  erosion  .applications.  It  the 
applicatii'ii  had  been  to  produce  high  velocity  liquid  jets  for  mining  or 
rock  cutting  more  suitable  chamber  design  could  give  jet  velocity  to 
projectile  ratios  of  10  to  12  times  (soi',  for  example.  Rhyming  I*-)?!). 

In  the  origin.il  .ipparatus  ,i  ci'inmercial  spring  opi'r.ited  air  gun 
w.is  used  to  fire  the  leail  projectile.  this  b.isic  .arrangement  has  now 
been  mod  i t i ed  .ami  the  le.ul  slugs  propelled  by  laimpressed  g.as.  The  ei'm- 


pressed  g.as  is  typii'.illy  nitrogen  but  lu’lium  is  iisetul  tor  h i gh-ve  1 oc  i I y 


4. 


work  (see  below  for  details).  The  gas  bottle  is  used  to  load  a ehamber 
with  gas,  and  the  gun  is  tlien  fired  by  triggering  a fast-acting  solenoid 
valve. 

A problem  which  we  had  at  the  start  of  this  particular  project 
was  obtaining  jet  velocities  below  a few  hundred  ms  (Then'  were  no 

problems  in  obtaining  higher  values  up  to  a few  1000  ms  ').  This  was 
eventually  overcome  by  using  the  arrangement  illustrated  in  figure  1(b); 
the  added  piston  effectively  acts  as  a momentum  exchanger. 

It  is  worth  emphasizing  at  this  stage  the  low  cost  of  the 
apparatus  required  for  jet  production. 


3. 


Chamber  Charactcri si i cs 


Chambers  with  jet  orifice  diameter,  d,  in  the  range  0.4  to  3.2  mm 

have  now  been  fully  tested.  Calibration  curves  have  also  been  obtained  of 

jet  velocity  versus  gas  gun  pressure  for  all  the  various  values  of  d. 

A typical  set  of  calibration  curves  for  d = 0.8  mm  is  shown  in  figure  2. 

Figure  3 shows  the  variation  of  jet  velocity  with  orifice  diameter 

at  a constant  slug  velocity  of  175  ms  *.  The  axes  are  logarithmic,  and  it 

can  be  seen  that  the  points  fall  into  three  regions,  in  two  of  which  the 

V/d  curve  can  be  approximated  by  power  laws.  For  the  larger  nozzles,  with 

"*0  S8 

d from  2 mm  to  3.2  mm,  the  jet  velocity  V.  " tl  . An  intermediate 

range  from  d = 2.0  mm  to  1.0  mm  is  defineil  by  the  relationship 
-0.44 

Vj  “ d ’ , and  this  is  the  range  over  which  the  jets  ate  found  to  be 

most  stable  (figure  1).  The  third  n-gion  is  suggested  by  the  single 
(confirmed)  result  of  the  smallest  nozzle  (0.4  m)  which  gives  a lower 
velocity  than  the  0.8  mm  one.  This  is  thought  to  be  due  to  the  increase 


i 

i 


in  viscous  effects  in  the  extremely  small  orifice,  which  reduces  chamber 
efficiency  very  sharply.  Any  turbulence  at  the  entrance  to  the  orifice 
section  will  also  become  increasingly  important  as  the  diameter  is  reduced. 


i 


riu‘  var  i i)  t i on  in  ilio  I'onvorsii'n  f.itii',  i.i’.  llu’  v.iliu'  ol  V./V^ 

(V.  = veloritv  V = s 1 ni>  voliu'itv)  ‘ I'.ivon  in  li>',nri'  4 lor  thn'o  ohamlior 
J s’ 

sizes  (all  loailoil  to  position  K with  convox  onlwarils  licjniil/air  intor- 

iac-os).  Tho  ratio  is  not  constant  t hronp.’nont  tliis  vcloiily  range  ioi  t lie 

smaller  diameters,  hnl  in  the  larger  ones  it  is  approximate ly  constant. 

When  the  chainin' rs  Wi' re  loadeil  to  position  K the  vc  1 oi- i t y ratios  wcri' 

increasi'd  by  about  7.57'  for  the  0.8  mm  nozzle  and  ;ihout  '>'/!  lor  t lu'  l.b 

and  2.4  mm  nozzles.  Obviously  a number  ol  I'llects  are  occurring 

which  lead  to  these  complex  results.  The  peaking  ol  the 

V . /V  curves  tor  the  0.8  mm  and  1 . (i  mm  nozzles  iinlicates 
J s 

that  there  are  mechanisms  for  reducing  the  conversion  efficiency  w'hich 

become  more  effective  both,  for  high  velocities  and  for  lea.'  tolocities. 

T1  velocity  limit  of  V./V  , i.c.  the  ratio  of  chamber  area  to  nozzle  area, 

J s’ 

the  O.Bmm  and  <1  for  the  l.bmm  diameters.  Therefore,  all  the 

li\  ui  odynamic  effects  considerably  reduce  the  efficiency  of  the  nozzle. 

These  become  less  im.portant  as  the  ratio  of  decreases,  i.e.  as  the 

orifice  diam.eter  increases.  The  V./V  curve  for  the  2.4mm  nozzle  is  very  flat. 

J s 

and  not  far  below  the  theoretical  maxim.um  of  about  4.  This  suggests  that  the 
hydrodynamic  conditions  within  the  chamber  arc  becoming  much  more  complex  as 
'd'  is  reduced. 

The  detailed  shape  of  the  above  curves  is  quite  complex.  As  described 
in  previous  reports  we  have  had  some  success  in  predicting  noz.zle  performance 
by  extending  the  theory  of  Rhvmi ng  ( 1 9 7 5) , which  was  for  an  exponential  nozzle. 
The  main  point  f ror.i  the  practical  viewpoint  is  that  for  given  conditions 
the  jets  have  reproducible  velocity  and  form.  (Miire  is  said  about  iet 


characteristics  below). 


‘t . High-speed  Pliotogr.iphy  ol  Jit  Bflinv  i ou  r 

Higli-speetl  pfiot  ogf.iphy  h.is  been  usivi  exteiis  i vi’ I v in  nnr  work.  I .ir  I v 


photographic  work  on  impact  in  this  laboratory  was  with  a Cranz-Schardi n | 

system  (Bowden  and  Brunton,  1961),  a Beckman  and  Whitley  (model  189) 

rotating  mirror  camera  (Bowden  and  Brunton  1961,  Brunton  1961,  Bowden  and 

Field  1964,  and  Brunton  and  Camus  1970),  and  a Beckman  and  Whitley  501 

single-f rtmie  image  converter  camera  (Camus  1971).  All  these  systems  have 

drawbacks  which  limit  their  usefulness  for  this  application.  Our  Cranz-  | 

1 

Schardin  system  provides  very  high  resolution  over  a limited  area,  but  it 
is  difficult  to  set  up  and  successive  frames  suffer  from  parallax.  The 
Beckman  and  kliitley  189  rotating  mirror  camera  also  has  good  resolution 
and  a high  framing  rate.  However,  liquid  jet  production  cannot  be 
triggeied  on  a microsecond  scale  and  so  with  a rotating  mirror  camera  of 

limited  access  (film  over  only  part  of  the  cycle)  the  success  rate  is  low.  j 

Tlie  Beckman  and  Whitley  image  converter  is  a single  frame  camera,  and  to  | 

obtain  a sequence  involves  several  cameras,  with  the  inherent  problem.s  of  | 

light  loss  or  parallax  errors.  j 

.1 

. i 

The  camera  which  has  recently  been  ackipted  for  this  work,  the  Imacon  ; 

framing  image  converter,  overcomes  these  disadvantages,  at  the  expense  of  j 

I 

a slightly  inferior  resolution  capacity.  It  has  three  basic  advantages  i 

over  the  other  high-speed  photographic  systems  available:  (i)  it  is  j 

synchronisable  from  the  event,  (ii)  it  is  sensitive  enough  to  record  j 

\ 

scattered  light  from  opaque  objects,  using  convent lonal  light  sources,  and  ! 

i 

(iii)  the  use  of  'Polaroid'  film  facilitates  large  numbers  of  sequences 
being  taken,  tiuis  improving  calibration  ilata  and  allowing  reproduc  i hi  1 i t y 
of  the  water  jets  to  be  i nvest i gateil.  It  is  also  a movable  camera  which 
can  be  taken  to  the  event;  this  is  a t riMiiendous  ailvanlag.e  IT'f  a cami'ia 


.1 . Had  land  P.l.  Ltd.,  Bovingdon,  Herts,  H.K. 


(tl)o  Im.K’on  woighs  kg,  an  A.W.K.i  . 


C*  -’OlH)  kg  ! ) 


r 


Tfu'  iMiiuMM  w.is  t r i by  cii’ t iv  t i ng , v.’ith  ,i  phot  oniii  1 i i |' I i i' r . 

rofU'ctod  lasor  light  t roiii  tlio  w.itor  jot.  Tho  sign.il  1 roiti  t ho  pluUo- 
mii  1 1 i p 1 i o r w.is  lod  thron)',h  siiit.ihlo  dol.iv  miits  to  t lu'  Xouoii  I I .isli 
light  souroo  .ind  tho  o.imor.i.  Tlu’  sing,!''  I I -odi  pii-utii-s  iisml  t lu-  s.inio 
.syiu'lironi  s.it  i on  nrr.ingonu-n  l , .tiul  wori-  illnmin.ilod  hy  .i  lul  ns  sp.itk 
sou  t oo . 

An  Im.ioon  Si'qnonoo,  using  sh.iilowgp'aph  (tho  t ogr.ii'h  v , ol  .i  750  ms 
jot  imp.ioling  n I’MMA  hlook  is  shown  in  lignro  5.  Snob  pioturos  o.in  givo 
in  Lormat  i on  about  tho  jot  volooity  a.nd  hoad  proiilo,  assooi.itoil  air  slu'iks, 
tho  sidoways  flow  of  liipiiil  .iftor  imp, tot,  tho  various  stross  w.avos  in  tho 
targot  hlook  and  tho  g.rowth  of  dam.ig.o . 

l-'iguro  t>  illustrati's  tho  kind  lO  d.at.i  whioh  o.m  lu'  oht.ainod  .ihout 
jot  st.ahilitv  (only  1 1 r.imos  1 rom  oaoh  soquonoo  .aro  givon).  1 ho  tig.nro 
givos  i n f ot  iii.i  t i on  tor  throo  ohamhor  sizos,  .ind  in  o.ioh  o.iso  tor  both 
ompty  and  tull  loading  ol  tho  o.xit  portion  ot  tho  oh.imbor  (positions  K 
and  F ol  tiguro  la).  In  all  oxamplos  a oontral  'ooro'  ol  liquid  is 
surroundod  hy  a 'bag'  ol  spray;  this  spr.ay  has  a nogligihlo  offoot  on 
tho  damago.  For  liiiuid  imp. tot  orosion  studios  tho  jets  ot  6(,i),  (o),  (d) 

;ind  (f)  would  bo  suit.ihlo  pri'vidod  tho  spoi-imon.';  wori’  within  10  mm  ol 
tho  nor.zlo.  Tho  jot  in  (b)  omorgos  with  .i  hydrodyn.tmi  o inst.ihility  .iiul 
this  is  r.tpidly  m.ignifioil  by  tlio  .lir  di.i.i’, . lUiwovor,  ovi'ii  it  .a  jot  is 

•k 

i n i t i .1 1 1 y stahlo  aorodyn.imio  foroi'S  o.-in  ovontually  o.uiso  f.iylor  inst.ihility 
to  develop.  For  jots  ol  a low  U'O  ms  ibis  I aki's  pi, no  ,i  tow  oon  t i iiu' 1 1' r s 
from  tho  ui'zr, io  , l.ino. 

A 

WIk'ii  a jot  (or  drop)  is  .ii'lod  on  bv  aoroilynamio  tt>roi‘S  .1  slago  o.in  bo 
ro.iohotl  whoti  those  tori'os  oxoood  t iio  restoring  tones  ol  the  litpiid's 
surfai'o  tension.  Taylor  inst.ihility  is  when  tiu'  dolorm.-ition  to  tho 
liquid  surt.ioo  oausos  unst.ahlo  suit. no  w.avos  to  di'volop  whii'h  grow 
oxponon  t i .a  1 1 V with  time  (T.tylor  !h50.  Harper  ot  al  |h7.’,  Simpkins  and 
Rales  t‘>72). 


r 
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In  l ij’.iiri.'  a pri'i'ursur  Ji>t  lias  ((.'rmtHl;  Vvm’ t li  an  niiipty  caul 

si'i'iion  (posiLion  8 in  fip.nro  1)  ni  t lir  largor  orificn  nhamln-rs  this  took 
plaoo  whotlior  t ho  liqnid/air  intoriaoo  was  oonvox  or  conoavo.  U'itli  a 
1 11 1 I ohamtu'r  a prooursor  or  Munroo  jot  dovi'lopod  only  wln-n  the  licjuiii/air 
intorfaci-  was  oonoavo  inwards  (tigiiro  7).  Tho  prodiu-tion  of  l lio  pro- 
otirsor  jot  oaii  bo  oxplainoil  in  similar  loriiis  to  tlial  ol  a ji-t  from  a 
sliapod-i'iia rgo  (soo,  lor  oxamplo,  Uirkliolf  ot  al  lh48). 

I'ho  uso  I'f  singli'-siiot  plio tography  is  illiistratod  in  fijpiro  8. 

In  8(a)  abl.it  ion  from  tho  hoad  ot  tho  jot  lorms  tho  'hag'  of  spray;  noto 
th.it  it  is  pt'ssiblo  to  makt.’  out  tho  oontral  h igli-dons  i t y ooro  ol  licjiiid. 
8(b)  shows  a lator  stago  with  anothor  jet  which  ha.s  devolopod  Taylor 
ins  tab i 1 i ty . 

In  cases  where  hydrodynamic  or  aerodynamic  instability  nkules 
develop  the  jets  are  not  suit.able  for  erosion  .studies.  However,  wo  now 
understand  reasonably  well  the  conditions  which  proihici'  these  i ns  t ab  i 1 i t i <. 
Jets  in  figure  b which  wmild  bo  suitable  for  erosion  studios  would  bo 
those  illustrated  in  b(a),  (c),  (d)  .ind  (f)  .it  a st.ind-olt  distance  ol 

ca.  10  mm.  The  bag  ot  spray  which  develops  h.is  boon  shovv/n  'o  bo  m.kle 
up  of  micron  sized  drops  and  these  ilo  not  contribute  to  the  d.ini.ige.  Tho 
jets  h.ive  a rounded  nose.  This  can  be  counted  ;ts  an  advantage  since  it 
makes  simulation  of  impact  with  a rain  drop  more  realistic.  Table  1 
summarizes  the  loading  conditions  required  ft'r  reproducible,  stable  jets 
of  various  iliametcrs. 


Table  I 


N o z z 1 o d i a mo  t e r /mm 


1 i ipi  i d In  t or  1 .ICO 


t).4  Pi'sition  K (see  tiguro  1) 

l) . 8 I’os  i t i on  K 

I . (■>  Position  K or  pi'sition  F, 

convo.x  (iiitw.irds 


2.4 


Position  F,  lonvox  outwards 
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5 . Recording  with  Photocells;  Spark  Photograpliy 

We  have  used  high-speed  f raiding  photography  extensively.  The  ques- 
tion arises  as  to  how  important  such  camera  equipment  is  for  anyone 
constructing  our  jet  apparatus  and  wanting  to  make  erosion  studies.  Tlie 
answer  is  that  although  a camera  like  the  Imacon  would  be  beneficial  it 
is  not  essential. 

The  slug  (projectile)  velocity  can  be  measured  very  simply  in  a 
number  of  ways  of  which  iirobably  the  simplest  is  to  interrupt  light  beams 
falling  on  photocells  spaced  at  measured  distances  apart.  Once  projectile 
velocities  are  known  and  the  gun  is  calibrated  in  terms  of  firing  pressure, 
stable  jets  of  various  sizes  and  velocities  can  be  obtained,  following  the 
instructions  given  above.  The  ratios  of  V^/Vg  discussed  earlier  could 
then  be  used  to  calculate  the  jet  velocities.  Comparison  of  damage  sites 
on  PMMA,  glass,  aluminium  etc.  illustrated  in  this  report  and  in  other 
listed  publications  could  be  used  to  confirm  that  all  was  well.  However, 
with  very  little  further  expenditure  it  would  be  possible  to  measure  the 
jet  velocity  directly,  again  using  photocells  or  'spark'  photography. 

Using  sparks  to  obtain  short  exposure  photographs  is  relatively 
simple.  As  a high-speed  photographic  method  it  was  first  used  by  Fox 
Talbot  in  the  1850's;  apparatus  is  now  available  commercially  for 
producing  intense  sparks  at  rates  up  to  'vlO^llz.  A simple  spark  gap 
(condensers  discharged  between  electrodes)  has  a duration  of  '10  ^s. 

With  high  melting  point  electrodes  and  small  gaps  durations  for  'free' 
sparks  can  be  reduced  to  less  than  10  *’s.  This  kind  ol  exposure  timi’  is 
perfectly  adequate  to  give  sliarp  jet  pictures.  Two  spark  gaps  iriggenui 
with  a delay  would  give  two  displaced  images  on  a single  plate.  Ibis 
would  allow  jet  velocity  and  shape  to  be  recorded  pho t ograph i ca 1 1 y . This 
system  is  recommended.  If  the  spark  is  not  bright  enough  there  an- 
various  ways  of  increasing  its  energy:  (i)  use  of  a sliding  spark  - this 


helps  because  it  increases  the  spark  lengtli  and  because  it  also  increases 
spark  resistance  and  uses  the  condenser  energy  much  more  efficiently  (for 
a practical  arrangement  see  buy  and  Schadc  1936);  (ii)  use  of  a gas  such 
as  argon  blown  over  the  spark  gap;  (iii)  a cell  built  around  tiie  gap  so 
that  high  pressure  argon  can  be  used.  All  of  these  modifications  ca.i 
increase  the  spark  output  by  large  factors  (2  to  10  times).  For  a fuller 
discussion  and  details  of  commercial  light  sources  see  the  book  by  Frllngel 
(1965). 


6.  Relating  Jet  and  Drop  Impact 

This  topic  was  central  to  the  research  project.  It  involved  trying 
to  answer  two  questions.  Firstly,  can  impact  with  jets  give  similar  damage 
patterns  to  those  produced  by  spherical  drops?  Then  if  the  answer  to  that 
was  yes,  what  jet  size  gives  comparable  damage  to  a particular  sized  drop 
impacting  at  the  same  velocity?  The  reasons  that  the  answers  are  not  easy 
to  settle  are  varied.  In  the  first  place,  the  impact  of  a perfect  cylinder 
gives  a 'water  hammer'  pressure  over  the  full  impact  area  of  the  cylinder, 
while  a drop  only  gives  a 'water  hammer'  pressure  over  a small  central 
area  which  depends  on  drop  radius  and  impact  pressure  (Bowden  and  Field 
1964).  Secondly  there  is  evidence  that  high  edge  pressures  exist  around 
the  'water  hammer'  pressure  area (observat  ions  on  this  have  been  made 
during  the  time  of  the  present  contrait  both  by  other  workers  and  by  us 
(see  later)).  Thirdly,  there  is  the  fact  that  perfect  cylinders  with 
radius  equal  to  the  orifici-  diametiT  are  not  easy  tc>  produce.  The  reasons 
for  this  are  discussed  in  detail  below.  It  means  that  the  jets  we  recommend 
using  have  at  the  'stand-off'  distance  of  10  mm  a head  diameter  which  is 
larger  than  the  orifice  diameter.  This  head  di.imeter  depends  on  the 
chamber  loading  and  jet  velocity.  Data  are  given  for  4 jet  sizes  later. 

Our  approach  was  a multiple  .'ne:(i)  we  made  det.iiled  studies  of 


1 1 . 

the  ilam.ii’.e  priHliuei.1  hy  both  jet  .mil  drop  impavl  .'U  .1 1 miii  n i iim.  I’MMA  .ind 
glass  targi'ts;  (ii)  we  nhol  ograplu'd  t lie  impail  ol  |ets  and  drops,  and  in 
the  partieiilar  eases  of  transparent  targets  and  2-U  drops  we  observi'd 
stress  wave  pro|)agation  in  them;  (iii)  pressure  records  were  taken. 

(a)  Impart  with  Drops 

In  ! h('  early  stages  ot  this  work  drop  impai't  damagi'  was  studied 
by  examining  speeimens  kindly  provided  by  A. A.  Kya 1 I of  K.A.K.  I'arnborough . 
During  the  last  y<-ar  ot  the  pr’ieet  one  o I us  (David  Ki<-korby)  built  a 
gas  gun  so  that  we  eould  I ire  at  suspended  drops  ourselves.  This  g,un  has 
3 barrel  iliar.’.eter  of  2'r.A  mm  and  e.an  1 i ix'  projertilt's  up  to  a veloeity 
of  a.400  ms  V It  was  based  on  a gun  built  in  this  laboratory  by  llutrhings 
and  Winter  fl974)  for  solid  partirle  erosion  studies.  Referenee  to  their 
paper  is  recommended  for  anyone  wisiiing  to  construct  such  a gun.  basically 
it  consists  of  a high-pressure  chanber  (a  metal  gas  bottle),  a double 
diaphragm  firing  system  and  a long  barrel:  velocities  an'  recorded  by 

photocells  positioned  lu-ar  the  end  ol  the  barrel.  Suit.ible  eli'etionics 
h.ave  been  I'onstructed  ::o  that  mua/.le  velocities  of  tin-  pro  ji'ct  lies  are 
ilisplayt'd  directly.  It  is  wi'rth  «.‘mphas  i e i ng,  that  siu-h  c.uns  have  h i g.h  1 y 

reproducible  cha  ra  e t e r i s t i cs  and  are  relatively  simpli'  to  i-onstru,t. 

Specimens  of  I’MMA  and  aluminium  were  mounted  in  projectiU-s  aiul 
fired  at  suspeniU-d  drops.  The  impact  pn'cess  was  recorded  with  the  Imacon 
so  that  it  was  possible  ti'  measure  imp.ut  vi  locity  in  I'ach  case  within  ■*  V" . 
High  magn  i 1 i ca  t i on  photographs  were  taken  of  tin'  drop  immed  i.ite  1 v prii'r 
to  firing  the  gun.  The  pho  ti'graph  i c rec<'rds  alh'v^ted  aecurate  vaiui's 

2/1  ot  drop  size  .and  I'urvature  to  be  taken.  This  w.is  impoitattl  sinci' 

drops  evaporate  <iuite  tapidly  after  suspens  i on.  ind  m i s I e.id  i ng,  answers 
could  be  prodiici'd  it  tiring,  w.is  del.iyed. 

W.tter  drops  ot  ’.te.iter  than  .’-1  mm  in  dianu'ter  are  ililticult  to 
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I 

I 


I 

t 


I 


siispomJ.  Tlu’  ol  ilroj)  sizes  was  i'xlended  up  lu  d mm  by  iisiiip,  a 

mixture  of  gelatine  and  water.  Impact  'erater'  dimensions  were  me.isurcui 
by  taking  Talysurf  traces  and  by  microscopic  observation.  A typical  set 
of  results  of  impact  mark  dimensions  versus  velocity  for  PMMA  is  shown 
in  figure  9.  The  insert  shows  the  quantities  a,  b and  c which  were  measured. 
Note  that  they  have  been  plotted  non-dimensional ly  by  dividing  by  the 
drop  diameter  d ' . 

Note  that  if  the  line  for  is  extrapolated  back  it  passes  through 
the  origin.  This  point  is  discussed  further  in  a later  section.  The 
equation  for  this  line  is  given  by  equation  1,  when  V is  in  ms  ' 

= 6. 16  X 10“^  V (1) 

d 

Figure  10  gives  a plot  of  c versus  drop  diameter  for  an  impact  velocity 
of  304  ms  Note  that  the  water  and  the  gelatine/water  drops  all  fall 
near  the  same  straight  line  of  slope  ‘vO.2. 

The  increase  of  damage  dimensions  with  drop  diameter  and  velocity 
is  discussed  further  in  a section  devcited  to  impact  pressures  and  durations 
caused  by  liquid  impact. 


(b)  Liquid  Jet  Impact 

The  damage  parameters  a,  b and  c (see  insert  on  figure  9)  wc're  also 
measured  for  water  jet  impact.  Results  were  obtained  for  0.4,  0.8,  1 . (> 
and  2.4  mm  nozzles  at  the  stand-off  distance  of  10  mm.  Nozzles  0.4  and 
0.8  were  loaded  to  position  E (see  figure  l.i)  and  the  larger  two  to  posi- 
tion F.  Figure  11  shows  how  c varies  with  velocity  for  damage  marks  on 
PMMA  for  all  four  nozzles.  The  results  are  replottod  in  figure  12  in 
dimensionless  form  (i.e.  cr.ater  dimension  over  nozzle  diamelc'r,  li ) . 

If  the  water  jets  had  maintained  the  nozzle-  dimensicnis  up  to  t he 


10  mm  stand-off  then  there  should  have  In-en  no  change  in  c with  veli'citv. 
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However,  as  oiir  pliolographie  work  has  shown,  wlien  a ehamher  is  loaded  to 
position  K Higure  la)  the  jet  has  a 'mushroom'  heatl  (see  insert  figure 
12).  This  'head'  is  a etmsequence  of  two  elfects  (i)  the  liquid  in  the 
final  seetion  of  the  ehamher  (i.e.  thal  between  iiositions  F .and  F)  whiih 
is  pushed  .isid"  by  the  t.istiT  moving  liquid  whieh  h.as  been  loreeti  ihrougj) 
the  tapering  seetion  of  the  chamber,  ami  (ii)  .air  dr.ig  which  would  be 
expected  to  be  some  lunction  of  jet  velocity. 

The  measurements  c.an  be  used  to  give  equations  foi  c for  each 
nozzle.  The  four  equations  .are  as  folli'ws  for  V in  ms  ^ .and  c in  mm. 


*^0.4 

= 

0.4 

+ 

0 t 

4 . 8 

x 10-'^ 

^4.6  3 

‘'o . 8 

= 

0.8 

+ 

0 + 

8.3 

X 10-'^ 

^,2.83 

(2) 

1 . b 

- 

1.6 

+ 

0.223  + 

1 . 86 

X 1 0”  * 

1 . 00 

‘■'2.4 

= 

2.4 

■f 

1.63  + 

3.8 

X 10”^ 

The 

f i rst 

1 1'  rm 

on 

the  right 

i s t he 

nozzle  d 

i ame  ter. 

The  second 

is  a function  of  the  mass  of  liquiil  betwei'n  positions  F and  F (therelore 
equal  to  0 for  the  0.4  .iiul  0.8  nozzles  .and  is  obt.ainml  by  extrapolation 
back  to  zero  velocity.  The  tinal  term  di'pcuuls  on  veU'citv;  the  0.4  mm 
nozzle  h.as  the  strimgest  dependimce  on  velocity  par  t i cu  I .ir  1 y above  430 
ms  ‘ (see  figures  11  .ind  12). 

The  results  plotted  in  tig.uri's  , 11,  12  (.nul  expressed  in 

equ.ations  1 .ind  2)  c.in  be  replotted  to  g.ive  t hi'  equivalinU  d ri'p  sizi'  in 

mm  that  the  four  chambers  produce  (tig.ure  1 i)  . 

One  ot  the  objects  ol  the  work  w.is  to  simul.ite  imp.ict  with  large 
water  drops;  this  h.as  cli'.irly  beim  .uhieved.  The  I wi'  l.itg.e  nozzles 
cover  imp.acts  with  l.arge  m.isses  ol  w.iter;  i-quiv.alent  dn'p  sizes  in  the 
range  10  to  30  mm.  The  0.4  mm  mizzle  is  nar  t i cu  I .ir  1 v usi'lul  tor  simulating 

imp.act  with  2 mm  diameter  ilt.ips  since  the  ratio  ol  drop  di.imeter  1 1' 


I-'.. 

ii  ]■  i ; i > !■  il  i .Hill' 1 1’  I i .1 1 nil  IS  t i'  x.ii' t I V ri’iis  I .iii  t ( i . f . i-  1 nsf  l o S ) lor 
vi' lov' i 1 i I'S  ill  I 111'  r.iili'.i'  IOO-(iOO  ms  . 'I'lir  O.S  mm  no:'-')'  siimil. ill's  ili'ops 
I'l  lii. Mill'll' I ■ • I . ^ mm  lot  .1  si  mil. If  r.iii)',i'.  II  I mm  liiops  li.iil  1 o bo  sim- 

iil. Ill'll  .1  iioi'./lo  w i I 11  .111  nrilii'o  ili.iiiii'li'i  I'l  O.n  mm  wonlil  siiilii'o. 

(o)  Cr.ili'r  Sli.ipo 

rr.ili'is  li.ivi'  bi'i'ii  mi'.isuroil  bv  L.ikinp,  l.ilysurl  I r.ii'i’s  .mil  bv  niioro- 
soi'pio  nbso  rv.i  I i on . l.ii'lior  work  on  Ibis  projoi'l  w.is  roporloii  bv  Dr 
boili.im  in  bis  Ibosis  (tiorli.im  l')7.'i);  iiioro  roi'i'iit  work  ( I bo  n'snlls  tor 
lif'.nros  /-lO)  w.is  obt.iinoil  bv  D.ii.  Kiokorbv.  lli.'i  work  on  il.iiii.i).’o  p.itlorns 
proilni'i'il  bv  drop  im|>.iot  is  still  in  pri').',ross  ,md  will  bo  roiiorlod  in 
ilot.iil  in  bis  ibosis  (oiul  ol  l‘'/(i). 

It  .ipni'.iis  I rom  prosont  rosults  tli.it  onr  jots  do  prodiiio  simil.ir 
d.iiii.iv.1'  (i.'Ulorns  to  oipiiv  .lonl  s i r.od  drops.  Tlu'  ro.ison  lor  I b i is 
b.is  i 0.1 1 I y tb.il  1 ho  inili.il  'w.itor  li.immor'  prossnios  in  both  o.isos  oon- 
I ro  I s till'  .iiiionnl  ol  d.im.ip.o.  D.im.ij'.o  oxtonsioii  ilnrinp,  I bo  l.ilor  st  .ip.os  ot 
Mow  (wbon  t bo  liqnid  is  bob.iviii)’,  i noomp  ro.';  s i b 1 v ) is  iol.it  ivolv  sm.i  1 1 .mil 
not  s i I’ll  i 1 i I'.ni  1 I V dilloront  loi  diop  .mil  jot  imp.iit  in  t bo  volooitv  r.mp.o 
wo  b.i VO  St  nil  i I’d  . 

Kip.nro  1 'i  shows  T.ilvsnrl  pro  1 i 1 omo  t o r rooorils  1 rom  I’MMA  spooimons. 
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(ti)  Pressures  I’roduced  by  Impact 
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When  a liquid  mass  impacts  a ripid  surtaee  at  a ve  U'e i t y V. 
a pressure,  P,  given  by  llie  'water  liammer'  i‘t]uatit'u  should  be  reaelud, 

i . e . 

1>  = p C V C n 

where  p is  the  liquid  density  and  C the  appropriate  shock  velocity  in  the 
liquid.  For  the  velocities  of  interest  in  the  present  work  C can  be 
approximated  by, 

C = (1  + 2 V/C^^)  (4) 

(see  Heymaiin  1969),  where  is  the  sound  spc-ed  in  w.iLc'r.  It  the  target 
is  not  rigid,  equation  } becomes 

P = ti  P'  C'_  V 

P c + p'  c 

where  p'  C are  the  quantities  for  the  impacted  sc'lid. 

When  a liquid  cylinder  of  radius  r impacts  the  'watc'r-hammer 
pressures  last  until  release  waves  juiss  to  the  central  axis,  i.e.  lor  a 
time  I given  by 

t = r/C  (6) 

For  a cylindrical  jet  of  he. id  d i ,ime  1 e r 1 mm,  t is  then-fcMe  v 1 ps. 

Once  steady  flow  has  bec-n  set  up  pressures  given  bv  i ncompress  i b 1 c-  IK'W 
should  result  with  a stagn.it  ion  pressure  ol 

P = Ip  V' 

Since  V (;  thc'Si'  prc'ssures  are  sij;nit  ic.intly  less  than  those 


given  by  c'quation  ).  This  is  emphasi/ed  it  we  loc'k  it  the  ratii'  ot  com- 
pressible to  incompressible  pressures  cditained  using  ecpiations  1,4  and  7, 
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P^/Pj  = 4 + 2 C^^/V  (8) 

Ttuis  for  itnpaot  volocities  of  '00  and  600  ms  ^ wt>  have,  for 
example,  values  of  I’^^/l’j  eciual  to  14  and  9 respectively.  This  explains 
why  it  is  the  pressures  generated  in  the  first  instants  of  impact  that 
dominate  the  behaviour  in  the  velocity  range  up  to  '1000  ms 

As  Bowden  and  Field  (1964)  showed,  spheric.il  drops  will  also 
generate  'water-hammer'  pressures.  When  tlie  drop  first  imp.icts  the 
radius  of  contact  increases  intially  at  ,i  velocity  g.re.ilcr  than  C;  thus 
flow  is  not  possible  and  the  impacted  liquid  must  beaimpressed  and  give 
p C V pressures.  They  showed  that  the  radius  of  this  region,  x,  was 
given  by 


RV  RV 

C ^0^^  2V/Cy) 


(9) 


where  R is  the  drop  radius. 

The  time  for  this  stage  to  be  reached  can  be  sliown  to  be 
RV 

y . Adding  to  tliis  tlie  time  for  release  waves  to  re.ich  the  centre 

.,,,2 

RV 

(i.e.  — y ) gives  a iluration,  t,  lor  tlie  p C V pressures  of 

cr 


3 RV 
t ^ 2 9 

C 


(10) 


One  of  the  most  important  points  about  drop  impact  is  tliat  the 
region  of  high  pressure  (equation  9)  and  the  duration  (equation  10) 
depend  on  the  drop  radius  in  the  contact  area.  This  has  various  con- 
sequences. First  it  explains  why  the  large  drops  in  a rain  field  are 
the  most  dam.iging.  Secondly  it  tells  us  that  if  .i  drop  is  oscillating 
it  will  be  much  more  dam.iging  if  it  imp.icts  when  its  colliding  surf.ice 


has  .1  large  R value.  Thus  a drop  ot  . for  ex.imiile,  6 mm  mean  di.imetcr 
could,  under  cert.iin  conditions,  give  similar  d.im.ig.e  to  .i  much  l.irger 
drop.  Thus  the  important  radius  in  discussing  drop  d.im.igi'  is  not  the 
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nit', in  .siTie  of  tlio  largest  drops  wliicli  imp.ict  but  tiu-  maxirmim  radius  tlu'y 
achieve  when  oscillating. 

(ii)  high_edge_gressures 

There  is  now  evidence  that  this  high  pressure  area  described  by 
equation  9 i.s  surrounded  by  an  annular  region  of  even  higher  pressure; 
possibly  associated  with  the  onset  of  jetting.  lleyniann  (1959)  has  pre- 
dicted values  of  3 p C V for  this  region.  Johnson  and  Vickers  (1973) 
in  exper  iimn  t s with  large  (50  mni  dlameler),  low  velocity  (i^O  ms  *)  jets 
found  higher  edge  pre.ssuri's  compared  with  central  pressures  in  the  ratio 
2.25.  Rochester  and  Brunton  (1973,1974)  reported  a ratio  of  2.b  when 
5 mm  diameter  discs  of  water  were  impacted  edge  on  at  100  ms 

We  have  also  obtained  evidence  for  high  edge  pressures  from  our 
high-speed  camera  records.  In  figure  15a  we  see  four  frames  from  an 
Imacon  sequence  taken  at  1 ps  per  frame.  In  frame  1 the  jet  has  just 
struck  the  I’MMA  target  and  a shock  front,  f,  passes  into  the  material. 
Behind  this  is  a front,  labelled  c,  which  is  made  up  of  two  lobes,  one 
on  each  side  of  the  impacting  jet.  TIuse  lobes  we  lu>  1 i eve  are  due  to  high 
pressure  regions  developed  ,it  the  jet  edge  when  fast  outw.inl  1 low  begins. 
By  frame  2,  pulses  1 rom  these  eilgi'  sources  havi'  inli'rsected  and  ri'- 
inforced  giving  the  dark  region  behind  the  main  front.  further  back  the 
sub-surtace  damage,  l.ibelled  d,  c.in  be  seen  developing.  In  frame  4 ,i 
second  weaker  front  marks  the  rear  of  tIu'  main  high  |iressure  region 
(figure  5 showed  Uie  lati'r  di’velopment  i>f  these  twii  parallel  fronts  whieh 
mark  the  limits  ol  the  'water-hammer'  ini-ssures ) . The  pressure  lobes,  e, 
clearly  appe.ir  at  the  tight  position  and  time  to  be  ci'iisistent  with  t lu' 
I'dge  pressure  idea.  The  photograph  g.iven  in  tigure  Ibib)  shows  that  the 
high  edgi-  pressures  can  .ilso  hi'  delected  in  the  liquid.  In  this  example 
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a I’MMA  suriaii*  imp.iits  a slat  ion. iry  t wo-i|  i iiu'ii  s i oiia  I w.itrr  drop  (lOr  a 
liiscussit'n  of  t lu'  toolini(|ui'  for  produoinp,  2-D  drcips  soo  8runton  and  C’aimis 
19  70,  Camus  1971).  Tliis  is  a sitigU*  shot  Soli  lie  run  phot  ogr.aph.  Tin-  high 
prt'ssure  regions  at  the  drop  edge,  whore  jetting  is  starting,  can  be 
clearly  seen,  as  also  the  shock  front  passing  through  the  liquid. 

(.  i i i ) Region  c 

The  region  i'  t.iken  from  damage  studies  (see  insert  on  figure  9) 
is  invariably  larger  th.m  the  region  ot  diameter  2x  given  by  equation  9. 
As  indicated  in  the  preceding  section  this  is  very  likely  due  to  the 
extra  annular  region  of  high  pressure.  Another  effect  which  has  to  be 
considered  is  the  finite  compressibility  of  the  material  (equation  9 
assumes  a rigid  target).  This,  however,  turns  out  to  be  a small 
correction  of  only  a few  percent.  The  reason  for  this  is  that  although 
the  finite  compressibility  allows  the  material  to  deform  more  easily,  it 
also  means  that  lower  pressures  arc  generated  for  a given  impact  velocity 
(see  equation  5).  In  other  words  two  effects  tend  to  cancel. 

If  we  rewrite  equation  9 putting  c = 2x  .ind  introducing  a 
function  a(V)  to  take  care  of  the  edge  pressure  effect,  we  obtain,  for 
velocities  in  ms  ^ 

c _ V a(V)  _ b.h7  X 10~‘^  V a(V) 

IT  + 2V/Cp)  (1  + 2V/C^^) 

Experimentally  it  was  shown  earlier  (see  equation  1)  that  c/d' 

. . -1 

6.16  X 10  V,  also  that  for  a velocity  of  impact  of  304  ms  that  c/d' 

was  \0.2.  It  is  interesting  to  note  Ih.u  our  two  correction  terms  in 

-4  . 

equation  II  must  almost  cancel  (i.e.  because  6.16  x 10  is  close  to 
-4  . 

6.67  X 10  ).  Analysis  ot  the  results  shows  that  the  I unit  ion  u(V)  is 
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represented  closely  by  1 + 3. '3  x 10  V ' , thus 


c 


V(1  + 3.3  X 


-4  1.2 

10  V ) 


(1  + 2v/c::r 


6. 16  X 10““^  V 


0 


(12) 


Whatever  the  details  of  these  formulae  tlie  important  point  is  that  crater 
dimensions  with  drop  impact  depend  on  (i)  drop  size  (ii)  impact  velocity. 

(iv)  Pressuri'  transducer  measurements 

One  of  the  objections  whicli  has  repeatedly  been  advanced  to  the 
use  of  pulsed  jets  in  modelling  raindrop  impact  is  that  the  pressure 
pulse  from  a jet  will  have  a different  distribution  and  will  be  larger 
than  for  a typical  raindrop.  High  speed  photography  of  jets  seems  to 
confirm  these  fears  since  they  show  an  apparently  coherent  jet,  meant  to 
model  a large  raindrop,  colliding  with  the  surface  for  typically  100  ys. 

Arguments  have  already  been  given  above  which  show  that  the 
initial  p C V pressures  are  very  mud!  higher  than  the  steady-state 
incompressible  flow  pressures  in  the  velocity  regime  of  interest.  The 
object  of  the  experiments  described  in  this  section  was  to  make  pressure 
recordings  so  as  to  settle  this  point  equivocally.  This  part  of  the  work 
was  performed  by  Dr  J-J  Camus. 

A transducer  was  required  with  very  large  band  width  and  high 

2 

strength  to  withstand  pressures  up  to  about  1000  MN/m  . The  adopted 
design  was  that  of  the  simple  bar  gauge  scaled  down  to  provide  high  spatial 
resolution  and  increased  band  width  at  the  same  time. 

Baganoff  (1963)  constructed  capacitive  pressure  gauges  with  rise 


times  of  0.1  ijs  and  suggested  that  b,u‘  gauges  using  piezoelectric  ceramics 
would  be  an  attractive  alternative  but  that  they  were  ruled  out  by 
problems  of  capacitive  loading  on  tlu>  pii'ztn' Icctri  c element.  This  is  not 
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a sorious  limitation  with  load  ^iroonato  litanatt'  p i o/oo I oo l r i o ooramios 
whoro  ono  only  wants  to  looord  voiy  bviot  ovont.s;  that  is  ovonts,  as  in 
this  oaso,  of  duration  loss  than  t i mi‘  lonstant  of  t ho  input  1 1>  tho  os- 
oillosoopo  (^lOt)  ps)  but  whiTt'  tho  ohar^i'  doviOopod  is  sulticiont  ti'  jtivo 
a reasonablo  di'flectit'n  of  tho  beam. 

It  was  dooidod  that  tho  minimum  iiraotioal  diamotor  for  tho 
transducer  would  bo  about  0.3  mm.  The  minimum  convenient  thickness  was 
about  O.l  mm.  Taking  tho  compression  wave  velocity  in  tho  PZT4  ceramic 
used  as  about  4 .x  10^  mm  s the  I'Stimated  rise  time  would  be  approxi- 
mately 30  ns;  in  fait,  the  thickness  used  varied  between  0.1  and  0.2  mm. 

The  PZT4  disc  is  mounted  on  a steel  backing  rod  which  provides  the  best 

b -1-2 

acoustic  m.itoh  at  thi'  interlace  (about  40  x 10  Kg/s  m ).  Propagation 
of  a pulse  down  the  length  ol  the  backing  rod  will  begin  to  be  attenuated 
for  those  Kourier  components  whose  wavelengths  are  loss  than  or  equal  to 
the  rod  diameter.  Another  limit  on  the  b.andwidth  is  therefore  4 x u/’/0.3 
=r  10  MH^  lor  non-dispersive  pulse  propagation  (Skalak  1957,  Miklowitx 
1958).  This,  in  conjunction  with  the  small  physical  size  of  the  gauge, 
was  considered  adequate. 

The  gauge  was  made  by  cutting  a cylinder  of  material  out  of  a 
commercially  available  block  of  PZT4  with  an  ultrasonic  drill  using  a 
hypodermic  needle  of  internal  diameter  about  t).3  mm.  The  direction  of  the 
electric  polarization  was  .arranged  ti'  be  along,  the  .axis  of  the  cylinder. 
This  was  then  mounted  with  glue  on  a fl.it  substrate  for  ease  of  handling 
and  cut  like  a salami  with  a flat  cutter  on  the  ultr.a-sonie  drill  or  sliced 
by  hand  with  a r.azor  bl.ade  under  a low-power  stereoscopic  microscope.  At 
first,  each  disc  in  turn  was  placed  in  a small  holder  and  one  of  its  faces 
was  smoothed  on  very  fine  emery  p.aper  (gr.ade  bOO)  ; but  it  was  found  that 
the  resultant  surface  was  not  smooth  enough  to  bond  adequately  to  the 
backing  rod  (sec  Sittig  1972).  Subsequently  therefore,  the  surface  to  be 
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boiulivl  w.is  Imtlur  |)nlislu’d  clown  to  i j;  m d i .iniond  p.islo. 


Iho 

surviving  disos  Wi’t'c  Mow  hi'iulod  to  t lie  siinil.irlv  polisliod  ends  ol  (>,  ) nmi 
dianu'tc'f  stcH'l  wire’s  to  not  ns  bnekin)’,  rods,  this  ngain  hoing  dcMio  hv  hand 
under  a low  power  mi  e rosec'pe . The’  aiihe’sivc’  use’d  was  standard  epoxy  resin. 

Ne’xt,  a hole  of  iliameter  slightlv  in  excess  of  that  of  the  backing 
rod  w.is  dril  It’ll  through  a small  plu’iiolic  resin/cloth  block  to  accornmodate 
each  rod.  Kod  and  ceramic  discs  we’fe’  then  pushed  into  the  holders,  the 
ends  .'1  the  backing  r.  ds  t.ipering,  oft  into  epoxv  adhesive  (sec  I , I ig.nre 
lul  . rhe  tree  fai-e  ot  the-  cer.imic  disc,  a,  was  maile  flush  with  the  holder 
surface  and  polished  fl.it  on  bOO  .ibrasivc  imper.  final  Iv  a silver  p.iint 
electrode,  b,  was  applied  to  the  front  1 .ice  of  the  tr.insducer,  the  backing 
rod  acting,  is  electrode,  e’ , to  the  back  taco.  The  electrodes  were 
connected  directly  via  70  i!  cable  to  the  input  of  an  osc i 1 loscope . Tigure 
17(.i)  shows  a typic.il  response  trace  in  which  the  peak  signal  has  been 
■ il  lowed  to  go  off  the  screen  to  display  the-  t ine  structure  of  the  decay 
as  the  high  pri’ssurc  is  reli’ased.  The  impact  w.is  tb.it  ot  a l.S  mm  water 
jet  .It  .ibout  lOt)  ms  * at  .i  tlisLance  of  lit  mm  I rom  the  nor.’le.  There  is 
.1  rem.irk.ible  I reedom  from  ringing  in  the  tr.msducers.  It  is  also  app.irent 
th.it  the  pe.ik  h.ilf  width  is  under  1 ps. 

C.i  1 i br.i  t ion  ol  the  transducer  w.is  on  I y c.irried  out  in  a few  c.iscs 
since  the  exact  maximum  pressure  li’vel  w.is  not  of  overriding  importance  in 
this  work  .uul  the  cal  ibr.it  ion  procedure  is  very  elaborate.  K'e  used  .i 
method  similar  to  that  of  Crook  (193d)  .is  adapted  by  Rochester  and  BruiUon 
(197J).  The  gauge  w.is  held  securely  in  ,i  m.issive  clamp  .ind  ,i  l.irge  steel 
ball  was  placed  in  contact  with  the  t r.insduceds  sens  i t i ve  .ire.i.  A second 
steel  ball  ol  eiiii.il  size  w.is  swung  .ig,.iinst  Ibis  .i  i r.ingcmen  t 1 rom  ,i  me.isuied 
height.  The  output  w.is  displ.ived  on  the  I'sc  i 1 I oscopc  . 
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It  can  then  be  shown  that 


2 s' 


g(h  + h.^)‘ 


2 V 

kd  2 ma.\ 


where  m is  the  mass  ot  the  ball,  h^  tlie  lieifdit  from  which  it  falls,  h,  the 

heipht  of  rebound,  g the  acceleration  ol  gravity,  the  maximum  gauge 

output,  t the  duration  ol  the  impact,  il  the  pi ezoe 1 ec t r i c constant  of  the 

ceramic,  k the  gauge  i-onstant  and  c the  combined  capacitances  of  ceramic, 

pickup,  leads  and  oscilloscope  input. 

m and  c were  measured  and  h.,,  V and  t noted  for  a range  of  h,  . 

2 max  1 

1 c 2 

A graph  of  m 2g(h,  + h.,)'  versus  t—t  . — V i was  plotted  and  was 
‘ 12  kd  J max 

found  to  be  linear  within  7%. 

The  product  kd  of  the  piezoe lect ric  and  gauge  constants  was  found 
_ ^ 

to  be,  typically,  0.12  x ID  m/V.  Now  the  pressure  on  the  gauge  during 
impact  is  given  by 

" luiA  ■ 

where  V is  the  output  vc'ltage  and  A is  the  area  of  the  gaugi'.  Thus,  in 

2 

figure  17(a),  p = 1.2t'  x V MN/m“. 

Most  of  the  tests  were  carried  out  with  a jet  velocity  of  about 
300  ms  The  nozzle  size  was  generally  2.8  mm  in  diameter  to  model  a very 

large  drop  and  provide  a large  impact  site.  Typical  oscilloscope  tr.ues 
arc  drawn  in  figure  17.  Figure  17(b)  is  typical  of  pressure  traces  in  the 
centre  of  the  impact  region,  which  was  about  b mm  in  diami-ter.  Maximum 
pressure  in  that  case  was  JbO  MN/m^,  that  is  approximately  0.8  tinn's  the 
p V pressure  and  0.37  times  the  p C V pn-ssure. 

It  is  immediately  obvious  that  the  pressuri'  pulse  I n'm  .i  jet  must 
produce  ext  raord  i n.a  r i I y high  rates  of  str.iin.  Thus  while  the  best  iliiiut 
measurement  of  rise  time  was,  previously,  1 iis,  figure  ^Ibl  shows  that  a 
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pn-ssiin-  is  rc.-irlifd  williin  0.1  j,  s which  results  in  un  iipw.n  <ls  revision 
of  strnin  r.Ues  of  an  order  of  niagniLude.  Moreover  total  diir.atioii  ol  the 
peak  is  only  about  1 ^s  with  a decay  time  again  of  about  0.1  u .s . 

Figures  c and  d show  other  traces.  Again  there  is  a rapid  rise 
in  a fraction  of  a microsecond  to  a high  pressure  which  lasts  for  n/1  ps. 

The  peak  pulses  reached  values  of  between  0.7  and  0.8  x p V.  Very 
important  from  the  point  of  view  of  rain  drop  modelling  are  the  low 
pressures  whiv.li  then  result. 

The  question  of  why  the  pressures  fall  short  of  the  full  water- 
hammer  pressure  is  i nte  n-st i ng.  In  our  view  it  is  not  because  the  head 
of  the  jet  has  a density  less  than  unity  since  similar  values  have  been 
recorded  for  impacts  with  drops.  In  their  work,  Johnson  and  Vickers  (1973) 
recorded  a central  pressure  of  0.66  p C V while  Rochester  and  Brunton 
(1973,1974)  obtained  0.7  p Cq  V ('vO.6  p C V).  Since  there  appears  to  be 
no  reason  why  the  water-hammer  pressure  should  not  result  it  leaves 
various  possibilities  (i)  that  there  is  an  unidentified  error  (for  example 
rate  effect  or  non-linearity)  that  is  affecting  all  measurements  with 
piezoelectric  transducers  in  this  high-strain  rate  situation,  (ii)  trapped 
gases  between  the  drop  and  the  target  give  a 'cushioning'  effect  (thi;; 
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though  is  unlikely  to  be  large),  (iii)  that  the  impact  ptu'duces  electrical  mi\ 
effects  which  modify  the  recorded  signals.  ft  is  hoped  that  future  work 
will  clarify  this  question. 

One  of  the  reasons  for  designing  such  small  pressure  transducers 
was  to  be  able  to  record  pressures  at  various  points  in  the  impact  are.i. 
Unfortunately,  because  of  the  very  high  pressures  developcul  by  impacts 
at  about  300  ms  ' it  was  found  that  tin'  t ransduce rs, no  matter  how  careful ly 
const  rue  ted,  cou  1 d not  withstand  more  th.in  about  6 im|iacls  before  becoming 


several  traces  at  I'ach  point  are 
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rosistanci'  to  tlio  impact  stress  than  could  ho  aihii’vod  with  those  trans- 
ducers. In'wever,  for  Kiwer  velocities  ot  impact  thi-  i ns  t rinm’n  t at  i i>n  . as 
developed  here,  would  be  capable  of  invest ij^at ing  spatial  pressure  dis- 
tributions. 

7 . Residual  Strength  of  Glass  after  Liquid  Jet  lmi)act 

Because  of  the  dependence  of  strength  properties  on  the  severity 
of,  possibly,  invisible  defects  in  a glass  surface,  assessment  of  impact 
damage  is  more  realistically  carried  out  by  considering  the  residual 
strength  of  the  material,  and  not  by  damage  size  or  microscopic  appearance. 

A variety  of  test  methods  are  available  for  measuring  the  strength  of 
brittle  solids.  These  include  stressing  the  specimen  in  pure  tension, 
bend  tests,  indentation  loading,  ring-on-ring  methods,  and  techniques 
involving  hydrostatic  loading  (Bowles  1974). 

In  this  work  the  residual  strength  of  glass  samples  following  a 
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single  liquid  impact  has  been  determined  using  a uniform  hydrostatic 
loading  system  to  produce  a biaxial  stress  distribution  on  the  surlaci’  of 

the  specimens.  Samples  are  discs  of  diameter  57  mm  and  nominal  t h i ckiu'sses  | 

3 mm  and  b mm.  These  are  centrally  impaited  by  water  ji-ts  I'f  velocities 

-1  . . 

in  the  range  200  - hOO  ms  , and  then  tccsted  to  failure  in  the  pressure 
tester,  the  dam.iged  surface  being  in  tension.  In  our  work  on  residual 
strength  of  glass  after  impact  many  of  the  abiwe  testing  techniques  were 
unsatisfactory  in  that  failure  frequently  started  at  the  specimen  edge. 

However,  with  a hydraulic  'blow-out'  methotl  it  was  possible  to  overcome 
this  difficulty.  The  technique  also  proves  to  have  several  other  ad- 


van  t ages . 

A schematic  diagram  of  the  pri'ssure  tester  is  shown  in  tigma'  IH.  The 
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specimen,  in  the  form  of  n 51  mmdi.se  of  any  tliicl'.ness  up  to  IC'.nm,  is  lu'ld 
against  a steel  support  ring.  A neoprene  diaphragm  transmits  t'r.c  uniform, 
hydrostatic  pressure  across  the  entire  surface  of  th.e  disc.  The  .appar.'.tus 
is  constructed  of  m.ild  steel,  and  is  designed  to  operate  vith  hydr.''ulic 
fluid  up  to  12  MPa.  The  neoprene  diaphragm  and  steel  support  ring  arc 
both  easily  replaceable. 

Simple  plate  theory  gives  the  folloving  results  for  the  radial  and 
tangential  components  of  the  stress  at  radius  r: 
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j (3  + V)  - (1  + 3v)  j 
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where  a is 
P is 
a is 
V is 
t is 


(Timoshenko  1941,  Roark  ]9h5) 
the  radial  or  tangential  oompoiienl  of  surfaii'  stress 
thi  appl'cd  pressure 
the  disc  radius 

Poissons  ratio  fer  the  specimen  material 
the  disc  thickne.ss. 


The  radial  variations  of  the  stress  components  are  illustrated  in  lisiuio  l'». 

The  formulae  apply  to  the  case  of  a circular  disc  freely  supported  at  it- 

edges,  with  no  overhang  outside  the  support.  At  a given  radius,  r,  the 

stress  com.pononts  become: 

f “ k P/t  where  K is  a const.mt. 

r r 
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(\i  1 i 1’ r a t i oil  of  tlio  Lest  can  ho  caiiiiil  out  u'.inf,  conv<  nt  i ona 
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resistance  strain  }■  au;’.e  l cclni  i rincs  . Sim’-.o  results  li'r  a n ii;n  Ihicl.  s.’iJa- 

]it;;e  silicate  f.lt'ss  disc  ate  p i i i.imi  l ed  in  llj’ine  'i  i.  hiiiei-  the  tl. 

of  p.lass  specimens  of  a p.iven  nominal  sic.e  ;ire  likely  to  vary,  l!ic  I'Sult- 

2 

are  plotted  as  o x t ; the  curves  therefore  apply  to  a range  of  t.'iicKness 

of  glass.  The  measurements  plotted  arc  the  central  stress,  and  th.e  radial 

and  tangential  components  at  a radius  of  10  mm.  For  the  central  stress, 

K P 


the  theory  given  above  predicts  the  value  of  K.^  to  be  6'/2  mm  . 


t 

This  compares  veil  to  the  measured  value  of  670  + 20  mm''.  Hovever,  a 
correction  for  the  overliang  of  the  disc  outside  the  support  ring  vrs 
derived  by  Mansfield  (1963),  and  in  this  case  it  leads  to  a 32  reduction 
in  the  theoretical  value  of  K . 


c 

An  important  consideration  in  this  type  of  test  is  the  support 
conditions  of  the  disc.  A glass  disc  pressed  against  the  steel  retaining 
ring  will  usually  fail  from  the  edge.  This  is  due  to  the  high  local  stress 
concentrations  of  the  irregular  contact,  and  also  to  roughly  cut  anal 
unpolished  discs  having  the  most  serious  flams  at  the  perimeter,  llcvever, 
it  was  found  that  a suitable  gasket  of  paper  or  pol^Trcr  sheet  inhibited 
such  undesirable  edge  effects.  The  most  convenient  g u.'!  ct  r-ateri-.l  to 
u.se  t.’a.s  a proprietary  sol  f-adlic.sive  polymeric  sheet,  citlier  in  tie  form 
of  disc  or  a narrow  annulus.  V.’ith  such  a gasket,  failure  rarely  occurred 
at  the  disc  edge. 

The  simple  theory  assumes  a completely  free  knife-edge  support,  a 
condition  which  is  obviously  not  realised  in  the  practical  arrangerent . 
However  the  calibration  has  demonstrated  that  the  linearity  of  the  stress- 
pressure  relationship  is  not  significantly  affected  by  tb.c  non-ideal 
support,  and  the  agreement  between  the  measured  .and  predicted  valuer  for 
the  centra!  stress  are  also  verv  elor.e.  It  must  he  coi'clnded  that  .’fii'r 


calibration  the  edge  nstraints  of  lateral  frirtion  and.  tb.e  olfect  ol 


ovorS'.  in  j can  bo  ignort'd. 

When  unininactod  discn  wore  the  failure  coirits  v.<^ro  '..•id-^ly 

distributed  over  tlie  tension  surface,  but  niinly  fell  witliin  a 10  mm 
radius.  This  is  in  accordance  with  the  known  ..trongl  '.  properties  of 
brittle  ijKe.:  es,  where  surf  ic<’  ilawa  .jre  the  initi.itinq  point:;  of  fractur". 
The  stros-;  distribution  i::  r.ueh  that  the  sti  -o';  co::ip T.ents  vary  in  r:e;nit  .Je 
comp  i:  ati'.'e!  V slowly  over  quite  a largo  radius  (tlio  radial  component  i;;  one 
half  of  its  ■.r.axituLm  central  va’ue  at  a r.idius  of  sl7  nmi)  . Thus  tlie  nest 
serious  flaw,  wherever  it  occi.rs,  is  likely  to  initiate  failure.  V.'h.on 
failure  nucleated  near  the  centre  of  the  disc,  tlie  fr.acture  pattern  consist:, 
ef  .1  large  numher  of  radial  fraetures.  I'igiire  21  shows  such  a disc  that 
has  been  ti'Sted  ami  tlu>  initiating  point,  1',  is  about  7 mm  from  the  centre. 
Tlu'  fractiiri's  all  extend  Iron;  this  point,  and  most  of  them  bifurcate.  '.Mates 
wbieb  failed  .it  .i  Iowit  stress  have  a ei'f res]iond i ng  1 y smaller  number  of 
these  radi.il  Iracliires. 

The  bvdr.mlic  ]iressure  tester  is  e.isv  to  construct  and  its  bcb.aviour 
agrees  well  with  simple  tlu'i'ry.  Tlu'  main  adv.intages  of  its  use  can  be 
summar i zed : 

(i)  Kilgt'  t.ii  lures  which  c.iuse  difficulty  with  tensile  testing  or  ibree- 
or  four-point  bending  .ire  l.ligiMy  i-liminaled. 

(ii)  Comp.ireil  with  the  stand.ird  ring-i>n-ring  ti'St,  the  advantages  .ue: 

(a)  The  test  region  extends  almost  to  t lu'  edge  ol  the  speeimen,  in 
contr.ist  to  tiu'  ring-on- ling  test  wlu're  only  .i  sm.i  1 1 are.i  within 
till'  inruT  ring,  is  suitable. 

(b)  Tiu’ie  is  littli’  stri’ss  concen  t i .i  I i on  I ra'm  mecb.in  i im  I pressure. 

(c)  There  is  min  b less  cl  lin  t din’  to  w.ii  ped  pi. lies. 

(iii)  Small  sfiecimens  c.iti  be  used,  .md  the  nielbod  i an  e.isily  be  I nil  bet 
min i at  nr i zed . 

(iv)  The  method  is  extremely  rapid  in  ope  r.i  I i ini , ami  lacilit.ites  the 
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p rochic  t i 1)11  oi  t ho  hhr>;o  immiH'r  ol  ii’sults  iiooi’ssary  lor  statisti- 
cally meaniagl'al  strength  moasuriTnont  s in  glass, 
tv)  An  additional  advantage  in  the  present  work  is  tlu>  circularly 

symmetrical  stia-ss  tield.  The  impact  damage  consists  largely  oi 
radial  or  c i rcumU- ren  t i a 1 iractuia's,  and  t lu'  I'iaxi.il  tensile  stress 
tield  in  the  outer  suriaie  ol  the  c.lass  luisui'cs  that  any  crack 
orii'iitation  is  suhiected  to  a similar  value  ol  the  pi' r|Huid  i lu  1 a t 
tensile  stress  component. 


Some  results  are  now  presented  which  examine  the  residual  strength 

oi  samples  of  two  types  of  glass  impacted  with  water  jets  in  a range  of 

velocities.  A large  number  of  SI  mm  diameter  discs  were  centrally 

impacted  by  jets  from  two  nozzle  sizes,  0.8  mm  and  I . b mm.  The  specimens 

were  then  broken  in  the  pressure  tester  with  their  impacted  laces  on  the 

-h  -1 

tension  side.  The  strain  rate  was  ~10  sec  . The  lailuri'  pressures 
and  positions  weri'  recorded,  and  a value  oi  the  Iracture  stress  .it  the 
initiating  point  estimated.  figure  22  shows  the  riusulls  obtained  I rom 
6 mm  thick  discs  ol  soda-lime  silicate  glass;  each  point  is  the  .iveia);e 
of  at  least  six  samples.  It  is  found  that  .a  single  impact  h.as  negligible 
effect  on  the  strength  properties  of  the  discs  until  .i  cert.iin  jet 
velocity  is  reached.  Then  the  mean  fracture  stress  tails  ot I , initially 
very  rapidly,  with  increasing  jet  velocity.  The  critical  velocity  is 
•ipp  rox  im.ate  1 y iOO  ms  ' for  the  0.8  mm  nozzle  .nui  200  ms  ' tOr  the  I . (i  mm 
nozzle.  It  is  signilicani  to  note  that  this  rapid  decrease  in  strenp.lli 
occurs  hi'lore  visible  dam.ige  is  apparent  in  the  s.implesi  Damage  becomes 
easily  visible  .it  jet  veloi  ities  in  the  rej'.ion  of  42t'  ms  ' and  2 70  ms 
tir  the  0.8  .ind  I . (>  mm  nozzles  r<' spe  c t i ve  I v . 

It  is  important  to  re.ilise  the  inheientlv  statistical  natuie  ot 
tlu-se  results.  Wheti  strength  riuluction  lirst  occurs  it  does  so  only  in 
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some  of  the  specimens.  As  llie  impact  velocity  is  increased  there  is  a 
greater  probability  that  a given  specimen  will  be  reduced  in  strength, 
so  that  at  high  velocities,  500  ms  * sav,  all  specimens  show  somt'  strength 
reduction.  In  the  intermediate  regii'ti,  the  s[>ecimens  l.iii  into  two  gii'ups: 
those  which  fail  at  low  striusses  and  have  l>een  damag.ed  by  the  liquid 
impact,  and  tliose  which  fail  at  stresses  comparable  to  the  original  strength 
of  the  glass.  As  the  velocity  of  impact  is  increased  the  number  of  speci- 
mens in  the  former  group  increases. 

Results  can  be  presented  in  several  ways  to  demonstrate  this. 

(i)  Averaging  out  all  fracture  stresses  at  a given  impact  velocity 
irrespective  of  which  group  they  fall  into.  This  gives  a good 
indication  of  the  probability  of  an  impact  producing  strength 
reduction  in  the  material  (figure  22). 

(ii)  Plotting  the  two  groups  separately  with  overlap  in  the  velocity 
region  where  fracture  stresses  can  fall  into  either  group  (figure 
23).  This  gives  a truer  indication  of  actual  failure  stresses 
likely  to  be  realised  in  practice  but  gives  no  indication  of 

Che  relative  probabilities  of  their  occuring. 

(iii)  A plot  of  fracture  stresses  obtained  from  individual  experiments 
(figure  24).  Two  types  of  failure  are  recorded;  those  from  non- 
central fracture  origins  con espond ing  to  no  reduction  in  strength, 
and  failure  from  a central  origin,  indicating  a reduced  strength 
due  to  liquid  impact  damage. 

In  addition  to  tiu'  e(immerc  i a I 1 y .ivailable  soda  lime  silicate  glass, 
a number  of  specimens  of  a calcium  aluminalc  tvpi  glass  havi' 
been  tested  using  the  litpiid  impact  plus  residual  strength  measurement 
technique.  Results  are  presented  in  figure  25  for  this  glass,  the  only 
calcium  aluminate  available  in  stiff  ici<'nt  <iuantities  to  enable  a re.tson- 
able  residual  strength  curve  ti<  In-  plotted.  Impacts  were  from  t lie  11.8  mm 
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Its  Lnili;il  lr;irtuti'  strength  in  tlu>  pressure  tester  was 
determineti  to  be  12b  _*  2')  MPa,  compared  with  7 . ■>  '»  MI'a  lor  the 
I’ilkington  soda  lime  glass.  Umler  liquid  impact  lor  0.8  inm  jet  it  showed 
a better  performance  than  the  sod.i  lime  glass;  samples  beginning  to  fail 
due  to  reduced  strength  above  'vllbO  ms  compared  with  a.jt)0  ms  * for  the 
soda  lime.  Even  .after  strength  reduction  occurred  the  calcium  alumin.ite 
proved  to  have  a higher  rosidu.il  strength  than  tlie  soda  lime  until  450  - 
500  ms  * impact  velocity,  after  which  the  rc.sidual  strengths  of  both 
glasses  were  a.30  MPa.  This  reflects  the  higher  initial  strength  of  the 
calcium  aluminate  to  a certain  extent,  since  samples  which  did  not  show 
reduced  strength  are  included  in  the  calculation  of  the  mean  fracture 
stress  at  each  velocity.  At  velocities  in  excess  of  400  ms  if  damage 
did  occur,  then  reduced  strengths  were  similar,  whatever  the  type  of 
glass. 

The  shape  of  the  residual  strength  curves  is  interesting.  Their 
iha rac ter is t i c fe.itures  are  the  low  velocity  plateau,  the  rapid  drop  of 
strength  (jver  .a  n.irrow  velocity  region  and  then  the  slowly  decreasing  high 
velocity  region.  The  pressures  and  tlurations  caused  by  jet  impact  will 
he  givi’U  by  e<ination  5 .and  6.  T1h>  wave  c.ausing  fr.acture  initiation 
ari'imd  the  lo.adeh  .are.i  is  the  R.ayleigh  surtace  w.ave.  A Ir.actnrc  will 
initi.ite  when  a critical  stress  intensity  is  re.ached  .at  the  tip  ol  a 
micnnlelect.  The  l.ut  that  there  will  he  ,i  distribution  ol  <lefects 
accounts  lor  the  s t .a  t i s t i c.a  1 spread  of  the  results.  However,  until  t he 
velocity  (,iiul  hence  the  s t ress)  exei'ed  s .a  cert.ain  v.alue  the  raicrocracks 
will  not  extend  in  length;  this  I'xpl.iins  the  initi.al  1 .a t man.  (No 1 1'  that 


since  tlu'  press\ire  pulse  diir.ation  is  'i  ,|11  suh-it  i t i ea  1 er.ack  growth 
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efft'i'ts  I'.iii  1h’  iu'hI'''' . Oiu'f  .1  i r.u’k  initiates  it  will  extend  rapidly 
(aeeclerat  lug  up  to  a ni.ix  i mum  vi'loeity,  which  tor  soda-glass  is  about 
1500  ms  S.  I'his  explains  the  rapid  fall  ot  f in  strength.  However  the 
eraek  will  only  exteEid  while  the  pulse  is  on  and  so  will  remain  short  and 
discrete  rather  than  extending  to  the  boundary  of  the  specimen.  For 
exumple  it  it  travels  at  say  750  ms  * for  1 ps  it  will  extend  from  micron 
dimensions  to  ■\0.75  mm  length.  'Ibis  macroscopic  crack  explains  the  fin.il 
part  of  the  residn.il  stn-ngth  curve.  Siinil.ir  shaped  curves  have  been 
reported  by  I'vans  (14?))  on  strength  degiadation  of  ceramiis  due  to  Hertz- 
ian fractures  initiated  by  solid  spheriial  irarlicle  impact. 


8.  Conclusions 

(a)  This  report  slu'ws  that  it  is  possible  to  obtain  a reasonably 
accurate  simulation  of  drop  impact  using  water  jets.  No  claim  is  made 
that  the  simulation  is  perfect  since  there  is  always  the  possibility  of 
small  differences  in  pressure  distribution  or  duration.  However,  by 
suitable  scaling,  jets  aiul  drops  can  be  rel.itt-d  so  th.it  .it  a p.irticul.ir 
velocity  'watei — h.immer'  luessures  are  proiluced  over  simil.ir  sized  .ire. is 
and  for  simil.ir  durations. 

(b)  Advantages  ot  the  jet  methoil  .ire  ease  of  operation,  the 
ability  to  simulate  large  drop  sizes  and  the  f.ict  th.it  tlu'  target 
specimen  is  st.it  ionary . Having  a st.it  iiniary  target  is  important  with 
brittle  specimens,  with  specimens  of  complex  sh.ipe  and  when  residual 
strength  measurenu'nt  s .ire  required. 

(c)  Del.iils  .ire  j’.ivcn  for  producing  .i  gun  app.ir.it  us  tor  firing 

jets.  It  ch.imbers  are  disijtned  .and  loaded  to  tlu>  spi'c  i f i c.i  t i ons  in  this 
report  ri'produc  i b U'  st.ible  jk'ts  will  be  obtained.  Tliesi'  jets  can  simiil.ite 
drops  from  -I  mm  to  ' 5t)  mm  in  the  ve  1 oc  i 1 v r.inge  up  to  'UHH1  ms  tt  is 
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po.ssible  til  produce  jets  ot  even  Iiigjier  velocity  by  using  higher  projectile 
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velocities  or  by  moking  the  chamber  design  more  efficient  (the  ratio  of 
jet  velocity  to  projectile  velocity  can  be  made  'vlOx  by  careful  design. 
See  for  ex.imple.  Rhyming  1971). 

(d)  A gas  gun  is  described  capable  of  firing  specimens  at  sus- 
pended dri'ps  with  velocities  up  to  'c400  ms  It  was  relatively  simple 

to  construct.  It  has  proved  versatile  and  useful. 

(e)  An  image  converter  camera,  tlie  Imacon,  was  used  extensively 
for  jet  and  impact  studies.  Its  advantages  were  that  it  was  synchronis- 
able  from  the  event,  could  be  used  with  conventional  light  sources  and 
gave  records  on  'Polaroid'  film.  However,  although  such  a camera  was 
essential  for  this  project,  less  sophisticated  methods  could  be  used  for 
future  erosion  studies  using  the  jet  method.  Suggestions  are  made  in 
section  5 as  to  how  projectile  and  jet  velocities  could  be  recorded  using 
photocells  and  spark  photography. 

(f)  Section  6 of  this  report  discusses  at  length  the  question  of 
relating  jet  and  drop  sizes.  It  gives  data  on  the  damage  patterns 
produced  by  drops  as  functions  of  drop  diameter  and  velocity.  Similarly 
it  gives  information  on  the  damage  produced  by  different  sized  jets,  again 
for  a range  of  velocities.  These  results  are  analysed  and  combined  to 
produce  curves  of  equivalent  drop  size  for  the  jets  used  (see  figure  11). 

(g)  When  a drop  impacts,  the  size  of  the  damage  region  depends 

on  both  drop  size  and  velocity.  See,  for  example,  equation  9 and  figures 
9 and  10.  This  is  of  great  importance  in  explaining  why  the  large  drops 
in  a rain  field  are  the  most  damaging  (the  water-hammer  pressures  cc'ver 
a larger  area  and  last  longer).  If  a drop  is  oscillating  the  important 
dimension  is  the  radius  of  curvature  at  the  impact  surface.  This  means 
that  a drop  can  act  effectively  as  a much  larger  drop.  This  needs  to  be 
remembered  when  assessing  the  hazarti  of  collisions  with  large  rain  drops: 
it  is  not  the  mean  size  of  the  largest  r.iinilrop  that  is  important,  but 
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the  largest  radius  of  eurvature  that  this  drop  eaii  reaeh  wluii  oseillatiug. 

(,hl  Water  diops  of  iliameter  greater  than  vd  imii  aie  ditlieult  to 
suspend.  This  jiroblem  was  overcome  by  using  ge  1 a t i ne /wa  t e r drops  t<'i  the 
size  range  2-h  nim  (see  ligure  10). 

(i)  If  the  jet  method  liad  priniuced  perfect  Iv  cylindric.al  jets  of 
diameter  equal  to  the  orifice  dimension  then  the  spec'inuui  area  subjeited 
to  w.ater-liammer  pressures  would  have  remained  constant  tor  all  velocities. 

In  practice  the  jets  produce  a 'mushroom'  head  (see  section  6b)  and  its 
dimension  is  a function  of  velocity  and  orifice  size.  lU'wever,  at  a 
stand-off  distance  of  It)  nm  the  jets  behave  reproducibly . Curves  are 
given  for  the  size  of  damage  patterns  produced  by  tbe  jets  (figures  11, 

12).  The  fact  that  the  jets  produce  a 'musliroom'  hiuni  with  a slightly 
curved  front  face  is  almost  certainly  luuieficial  in  allowing  the  jets  to 
simulate  the  u'rop  impact.^  aicttr.ite  J y . 

())  In  section  fi(d)  the  pressure  pulses  produceil  by  liquid  drop 
impact  are  discussed.  The  point  is  made  th.it  for  the  r.inge  of  velocities 
of  interest  here,  the  water-hammer  pressures  greatly  exceed  the  stagnation 
pressures  produced  by  i ncomp re ss i b 1 e flow.  Thus  it  is  always  the  first 
instant  of  imp.ict  which  is  of  prime  importance  with  both  jet  and  drop 
impact.  Tressure  tr.ices  t.ikcu  with  very  small  pressure  transducers  con- 
f i rm  ttiesi'  con.  I us  i .'Us  . 

(k)  111.  pre  .1.11  ti.insdu.ci  system  developi'il  tor  these  experiments 
is  cap.lble  .'!  gre  It  .palial  re  so  1 ii  t i on  . I'he  usefuln.'ss  of  this  feature 
was  limited  at  t h.  high  v<  l.'.il  i«-s  we  wer.’  i ii  t e re.s  I ed  in  ( ..  lilt)  ms  ) since 
sufticieiit  sli.uglli  t.'i  miiltipli-  imp.icts  ( lOx)  could  not  be  .ichii'ved. 
However,  t.ir  velocitii'S  ot  inip.u  t .>1  . ItH'  ms  ^ this  pri'bU’in  would  not  exist. 

(l)  I'here  now  seems  ample  evid.'uce  th.it  high  e.lge  pressures  exist 
in  an  .mnular  region  ar.uiiul  the  m.iin  ' w.i  t .■  r-hammer ' are.i.  They  have  be.  n 
observed  for  b.'th  ji't  and  drop  iaipact.  V.iliics  ol  between  2 and  3 x e C V 
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seoni  poHsiblf.  Pri'Si'iit  i' v i ilom-o  points  to  tlioir  boinp,  .issor  i .1 1 1 il  with  1 lu' 
misot  ot  t.ist  radial  jot  tin;’,. 

(m)  Till'  iinportanoo  ol  qiian  t i t a I i vo  I y assessing  damage  is  emphasized 
in  this  report.  Seetion  7 describes  a hydraulic  test  apparatus  lor 
measuring  'residtitil  strengths'  and  discusses  residual  strength  data.  An 
importtint  result  from  this  work  is  that  large  strength  losses  can  t.ike 
place  before  the  d.image  reaches  visible  dimensions;  this  clearly  has 
practical  importance.  Some  progress  has  been  made  in  predicting  the 
shape  of  the  residu.il  strength  curves. 
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KiKiiro  Captions 


Figure  1 (a)  Diiaensions  of  the  steel  extrusion  ciiair.ber,  filled  with  water 
to  positions  'E'  or  'F'. 

(b)  Momentum  exchanger  piston  for  low  jet  velocities. 

Figure  2 Calibration  curve  for  the  0,8mm  diamictcr  extrusion  nozzle. 

Helium  can  be  used  in  the  gas  gun  to  produce  the  highest  jet 
velocities.  The  momentum  exchanging  steel  plunger  enables  low 
velocities  to  be  reached. 


Figure  3 Variation  of  jet  Vv'locity  witli  orifice  diameter  at  a constant 


-1 


slug  velocity  of  175ms  . Logarithmic  axes.  Regions  1 and  2 


correspond  to  approximate  power  lav.'  relationships  of 


„ -0.S8  , „ -0.44  . , 

Vj  “ d and  « d respectively. 


Figure  4 Velocity  conversion  ratio  for  three  exit  orifice  diameters, 


V.  - jet  velocity;  V - slug  velocity;  Nozzle  sizes  aie 
J s 


-1 


0.8mm,  1.6mm,  and  2.4mm. 

Figure  5 Shadowgraph  sequence  of  the  impact  of  a 750ms  * water  jet  on  to 
a PMMA  block.  Ips  per  frame.  a,  stress  front  induced  by 
detatched  air  shock;  r,  the  reflected  air  shock;  c,  main 
compressive  stress  pulse  of  width  w;  h,  head  wave;  s,  shear 
front  (poorly  defined  because  of  the  nature  of  the  optical 
system).  d,  sub-surface  'sliear'  failure;  o,  main  ring  crack. 


Figure  6 


Frames  selected  from  Imacon  sequences  of  various  jet  sizes.  All 

-1 


at  lops  per  frame.  Slug  velocity  175ms  for  each  sequence, 
(a),  (c)  and  (e)  are  jets  produced  with  the  exit  portion  of  the 


cham.ber  left  empty  (Position  E)  . (b),  (d)  and  (f)  are  with  it  full 


-1 


(position  F)  . (a)  0. 8m,m  nozzle,  exit  empty,  980ms  ; (b)  0 . 8r.mi 


nozzle,  exit  full,  'HOms  (r)  l.Amin  nozzle,  exit  empty,  73''ms 


-1 


(d)  1.6mm  nozzle  exit  full,  700mn  ; (e)  2.4mz'.  nozzle,  exit  empty. 


main  jet  550ms  \ 'Munroe'  jet  HOOms  (f)  2.4mm  nozzle,  exit 


full,  525ms 


Figure  7 'Munroe'  jet,  M,  from  a 1.6  mm  diameter  nozzle  with  the  liquid/air 

interface  concave  inwards.  10  s per  frame.  Main  jet  velocity 

^ -1 
740  ms 

Figure  8 Single  flash  picutres  of  450  ms  * water  jets  from  a 2.4  mm  nozzle. 
Flash  duration  150  ns.  Distances  of  the  jet  from  the  chamber: 

( a ) 1 0 nmi , ( b ) 1 1 0 mm . 

Figure  9 Liquid  drop  impact  on  PMMA.  Crater  dimensions  (plotter  no; - 
dimi'nsional ly  in  terms  of  drop  diamete”,  d')  versus  impact 
velocity.  The  various  crater  dimensions  are  given  in  the  insert. 
Figure  10  A plot  of  c versus  drop  diameter,  d',  for  an  impact  velocity  of 
304  ms  Note  that  c increases  approximately  linearly  with  d' 

and  that  both  the  water  and  gelatine/water  drops  fall  on  the 
same  line. 


Figure  11  The  variation  of  c with  jet  velocity  for  0.4,  0.8,  1.6  and  2.4  mm 
nozzles.  All  results  for  a stand-off  distance  of  10  mm. 

Figure  12  A replot  of  the  data  of  figure  11  in  non-dimensional  form.  The 
insert  shows  a cross-section  through  a typical  jet  showing  the 
'mushroom'  head  which  is  larger  than  the  nozzle  diameter. 

Figure  13  Equivalent  drop  size  produced  by  the  four  chambers  versus 

velocity.  The  0.4  mm  chamber,  for  e.xample,  simulates  2 mm  drop 
impact  for  a wide  velocity  range.  Very  large  ilrops  can  readily 
be  simulated. 

Figure  14  'lalysurf  profilometer  records  of  impacts  by  water  jet  and  by 

spherical  water  drop  on  to  PMMA.  a)  290  ms  \ 0.4  mm  nozzle  with 
momentum  exchanger.  Nozzle  diameter  marked.  Vertical  scale  100  x 
horizontal  sc.ale.  b)  260  ms  ^ PMMA  projectile  impacting  2 mm 
stationary  water  drop.  Same  scale*  as  (a).  (Specimen  from 
A . A.  Fya II). 
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Figiift'  16 


Figure  17 


Figure  18 


Figure  19 


Figure  70 


(a)  Iniaeuu  .si'<iiieuci'  ul  .1.8  mni  un,' ' li'  ji'l  , 'i  I ’>  ins  , impai  ; i ii)’, 
I’MMA.  1 |is  ()iT  Irame.  t,  is  I h"  main  ia)in|)i  I’ss  i ve  p.irl.  e, 

i .s  tile  sniis  i il  i a ry  eomp  re.ss  i ve  w.ive  o r i i iia  t i ng,  tram  the  eilg.e 
ot  the  eonlaet  zone.  il  is  the  sub-sii  r 1 are  (lamag.e. 

(b)  Single  frame  image  converter  picture  of  moving  PMMA  plate 
impacting  a stationary  5 mm  two-dimensional  water  droj). 
Schlieren  optics  enable  high  pressure  regions  inside  the  drop 
at  the  eilge  ol  contact  area  to  be  seen,  and  also  the  sliock 
p.issing  thrinigh  the  licpiid.  Impact  velocity  70  ms 
Schematic  diag.ram  of  tlie  pressure  transilueer  mounting.  a, 

0.21  ram  diameter,  0.1  mm  thick  tr.insdueer.  e,  backing  rod. 
b,e  electrodes  to  cathode  ray  oscilloscope  (CRO).  f,  adhesive, 
d,  bolder. 

Pressure  transducer  traces  for  jet  impact  at  300  ms 

(a)  20  V/div.;  2 ps/div. 

(b)  50  V/div.;  2 ps/div.;  peak  stress  360  MPA. 

(c)  peak  stress  320  MPA. 

(d)  peak  stress  290  MPa. 

Note  in  all  i .ises  the  rapid  rise,  the  short  duratii'ii  (>1  psl 
and  the  low  steady  flow  pressure  following,  the  lumk. 

Si’ction  of  pressure  test  apparatus  lor  51  nun  glass  discs. 
Overall  diameter  133  mm,  thickness  55  mm.  Constructed  from 
mild  steel. 

Theoretical  and  experimental  variation  of  t iu‘  radial  and  tan- 
gential stress  compoiu-nts,  ^ aiul  across  the  disi-  surface. 

Calibration  ol  pressure  testi'r:  stri'ss  components  detc'rmineil 

I I orn  resistaiui'  strain  gauge  measurements  are  plotted  ag.ainst 
the  ,ip|ilied  bvdraulic  pressure.  t iielis:  , ci'iitral  stress; 

squares:  o^,  tangiuitial  stress  i ompouent  at  r.ulius  ot  10  mm; 
triangles:  o^,  r.idi.il  sticss  eompoiunit  at  i ail  i us  ol  It)  mm. 


uo. 

KL^uro  21  Cll.iss  liisi-  broken  in  the  pressiiri'  tester.  1 min  di.tmt>ter, 

1 mm  thiik.  l-.iiluri'  niule.ited  .it  point  1’. 

Fixture  22  Aver.ine  Ir.utnre  stress,  me.isiired  in  the  pressure  tester,  of 

51  mm  di.imeter  b mm  thiek  sod.i  lime  silicate  glass  discs  after 
single  w.iter  jet  impact.  Results  .are  given  for  two  nozzle 
diameters:  stpiares:  l).8  mm;  l ircles;  1.6  mm. 

Figure  2 1 Results  presented  in  tigiire  '>  tor  the  1 . b mm  nozzle,  ri'plotti'd 

to  i 1 1 ns  t r.i  1 1-  tlu'  two  ilistinct  groups  of  specimens:  t hosi'  which 

are  s i gn  i t i c.in  t I y weakened  by  .i  single  impact,  and  those  which 
are  not. 

Figure  24  Individual  fracture  specimen  results  which  are  averaged  in 

figures  5 and  b.  The  two  distinct  groups  are  clearly  defined. 

Figure  25  Average  fracture  stress,  measured  in  the  pressure  tester,  of 

51  mm  diameter  3 mm  thick  calcium  aluminate  glass  discs. 

Single  jet  impacts  f rom  t lu‘  t).8  mm  nozzK'. 


L 


100  200  300 

Fig  9 Impact  Ve 


• water 

X selatine  + water 


c/mm 


V/nis 


imm 

- ^ 

Fig  14 

nozzle 

1 diameter  | 

length:  10  mm 


b 

Jet  ^ 
a 

250gm 


^ to  CRO^ 


Pressure  Transducer 


I'iiz  16 

*1^ 


ring 


g 18 


/mm 


3000 


Fracture  Stress/MPa  FrOCturC  StfCSS  (MPq) 


Jet  Velocity /ms"^ 


Fracture  Stress /MRo 


o Cer^tral  Fracture  Origin 


..KP  ' •’  T ’C”*-*  YIA.I'N  pAjK 
(N  )ti*s  on  uniplprinn  ovvrlefif) 

nvi-rall  &<runcv  clas  s i t i c « t i on  «>:  .he**!  


lat  .is  possibK-  rhis  mIh  u.M  contain  only  tmc  ia»sii  ied  information.  If  is  is  necessary  to  en*^t*r 

.i.is'iitiid  i ni  t'rni  11  i t n , fh«*  lu»  lonctTnc*!  inus  i to  indicate  the  classification  eg  (R)»(C)  cr  (S>>. 


j 1.  OKU.  I<ttir4-iuv  lit  kiK>wn)| 

br-5507.7 

..J 

*),  Or  i K<  n.u<»r ' s 
(il  kmvn) 

1 r 

i 

1 

i - 

ba. Sponsoring  Agency' 
Code  (it  known) 


)|  uriginator  s R**fi*n'n- •••  1.  Agency  Reference  4.  F 

C 

DR  Kai  Report  203  j UIJC 

t).  Ori^MMtor  Autiior;  Name  anJ  Location 

I Cavendish  Laboratory 
j University  of  Ca":bridce 


I h.i . SpDii'ior  iiig  Agon.  ^ CConttdtt  Authority)  Name  and  Location 

j Director  of  Research,  Materials 
I MOD(PE),  The  Adelphi,  London,  '.»G2W  oBB 


4,  Report  liocur*!) 
Cl  ASS  1 f icat i cn 

uTJCLr/dSIi'  liDJ 


iitif  High  speed  liquid  impact  studies. 

A discussion  of  the  apparatus  and  techniques  used  in  studying  liquid  drop  and 
jet  impacts  and  assessing  damage  in  a quantitative  manner. 


7.r.l'icle  in  Foreign  Language  (in  the  case  ot  translations) 


Author  i.Surn.iiDfc,  initials 

Field  J E 


11.  Loncract  Number 

12.  J’eriod 

IJ.  Project 

1 14.  Other  References 

AT/202V066  MAT 

1 

Descriptors  (or  keywords) 

Impringeinent  corrosion,  Later  impingement.  Raindrops,  Volume 
Ilydraulic  jets.  Experimentation 


Ai.siract  '"wo  methods  of  producing  high  velocity  liquid  impact  on  solid  targets  aie 
desc  bed.  The  jet  method  is  described  in  full  detail  and  the  work  aiited  at 
relating  jet  impact  daiiiage  to  that  produced  by  drop  impact  is  fully  discussed. 
High  speed  photography  has  been  used  extensively  to  study  impact  phenomena  , 
and  pressure  measurements  have  been  made  using  250  p:i  dia-.ieter  transducers. 

A hydrostatic  test  apparatus  has  been  developed  for  measuring  the  "residual 
strength**  of  brittle  specimens  following  impact.  With  glasses  large  strength 
losses  can  occur  before  the  da-tage  reaches  visible  dimensions.  The  factors 
affecting  the  resudual  strength  curves  are  discussed. 


I 

I 


NOThS  ON  t t'N.il.l  r’ON  'K  lO-.l'ORT  IKK ’JMrlN"!  ATION  iVGK 

Hus  Doc»inencacion  i^age  is  tlcsig:i»»d  speciticil.v  tor  reports  and  reports  produced  by  CintracLors . 

{k>xes  marked*  below  need  be  conii'Ieted  only  if  t iu  i ti  * o riJ»a  1 1 on  is  readily  available. 

*1.  URIC  refoienct*:  Kuter  DKIC  relererue  (I'.K  im-nl-er)  il  one  has  been  assignt'd. 

Or  ig ' r.it‘T ' s Ketefenee:  liOer  r he  rep"tl  :mffit>e»  by  winch  I lie  documenf  is  identified  by  I he  originator  ot 

the  report,  in  f lie  tonn  in  which  it  appears  eu  M\i'  eovt  » . 

. Agenev  retermce.  Fnter  reterenc«*  number  allocatoil  bv  sj^onsoring  agen<'y  (contract  authority)  in  the  u.ise 
oJ  contra.  I reports. 

•4.  Report  Security  Classi)  ic.ir  ion;  Knter  r.e.uritv  v 1 ass  i 1 i r .i  t i on  or  markitig  which  limits  tiie  circulation  i>t 
tlie  repot  t,  or  enter  UNI.lMinU  when  ihis  rppln  s. 

Or  i g i n.itor  ' s Codi*:  Code  muiiber  tor  tiie  l*K  lOs  ( .iudard  i sed  lorni  of  Mu’  entry  appo.irm,;  »n  box  6. 

* Sa . Spon.soiing  Agent  v*s  Code:  C«»tle  numbi.-r  t-'r  i !m  i*K  IC-st  and. irtl  i soil  form  of  the  entry  .ippf.sring  in  box  n.i , 

h . Originator  (coip«>rati‘  .uitho.):  rntci  n.ime  and  location  <'l  the  organi.sat  ion  preparing  the  report. 

ha.  SiHinsor  i ng  Agen*  v (Contr.ut  Auihoittyi;  Inter  th«*  nviiiie  ot  tlie  monitoring  MOD  branch  oi  Fstahl  islunent  ;i 

the  case  ol  Cont  i ac  t ors  tep>ri.».  Ii  an  Mi'!)  i(,^i-rt  cr*vei.s  wo»k  funded  by  an  outside  agenev,  enter  tin- 

name  Ol  tlu^  jgt*ncy, 

I.  ritle;  Kiuei  rh*  ■•ompli'te  report  title  in  capiral  letters  hut  omitting  initial  definite  or  indetinit. 

articles.  Il  the  report  covets  a spocilic  p«nod,  enter  this  after  the  title,  eg  (1  . 1 . 197  2 -31 . 3 , 197  J ) . 

.’a  Title  in  Foreign  l..mguag»- : In  the  i asr*  "I  i ra  ns  i at  i one,,  enter  the  foreign  language  title  (transliterate^ 

il  necessary)  ano  the  translated  Kngiish  title  in  box.  7. 

7b.  Conlerence  Papers:  If  7 is  the  title  ot  a paper  presented  at  a Conference,  or  a ConferciKe  proceedings, 

enter  the  Conference  Title,  where  it  was  held  and  the  date. 

. Author  1;  Knter  the  name  .»l  the  first  author,  tollowcd  by  his  initials. 

9a.  Autlior  J:  Knter  the  name  ol  the  sceund  author,  followed  by  his  initials. 

Db.  Authors  I,*...:  Fnter  third  <ind  following  .luthors'  naii.es. 

10.  Date:  Fnter  the  month  fin  figures)  .*nii  the  year  ol  the  ropi'rt  (Dec.,  19t>9  is  written  12.1^*69).  It  the 
report  i.s  undati'd  hut  a I'oriod  coveied  by  me  report  is  indicateil,  enter  the  date  at  the  end  of  the  period, 
pp.io!.  Kntir  th»^  inclusive  number  ot  p<iges  in  tlio  report  ct'ntaining  inlormation,  i.e.  including 
appondues,  tables  amt  i 1 I usi  r.ii  i ons  , ano  the  total  number  «.>f  references  cited. 

II.  i.ouir.i'  t Number;  VvUc  t lie  numbi  i »»l  rhe  cv.»tuiaet  ot  grant  under  which  the  report  w is  written. 

12.  Period:  talways  .issooi.u«»l  with  the  (,V>ti[  raci  Number).  Only  to  he  used  lor  reports  covering  a spocifjo 

period,  o.g.  quartetlv,  annual  or  fiu.il  leports.  Kntir  (,'K-l,  AR , FR , .is  appropr  lat  i' . 

11.  Pro|eci:  Knter  project  n.inio  oi  numbi  r . 

l-i.  Other  Reference:  Fnter  anv  relerence,  orh**r  tluio  thosi'  in  boxes  1 or  3,  by  which  the  report  may  be 

i dent i t led . 

l!>.  Ih  str  ibut  um  statemmit  . Inter  .my  iimi  uumns  on  tin-  disirihation  oi  the  docuiTunil  . 11  d i ;U  r i hut  ion  is 

limiied  to  particular  MOP,  MOP  atul  itii  (’out  s ac  tors , etc.  it  should  hi-  stated.  If  the  distribution 

IS  the  responsibility  ..«f  mother  authoiity  eg  a IK)  l)i  ri-ctorate  (Technical  Policy  Authority)  enter 
’’Distribution  controlled  bv  MOD  Teilmical  Policy  AuLlior  i ty” . Inter  “via  DRTC”  .liter  "Authority”  wheri' 
appropriate  and  n.nt:*.'  the  le-lini<.il  I’d  icy  Authority  il  passible. 

Desiriptors : Anv  number  ol  destri^)tor^  (or  key*-v;ords)  can  bi-  entered.  If  selected  from  a publislicd  thesaurus, 

eg  T!ie  Thesaurus  of  Kngineering  .nnl  Scientific  rernis  (TKST)  , this  should  be  indicati-d. 

Abstract:  The  abstract  .should  preteiably  not  oxi’ced  130  words,  i.e.  it  can  b«:  consideiably  shorter  tlian  the 
Abstract  to  be  provided  on  the  rifle  Page,  ol  the  Report,  Information  available  in  the  report  title  need  nor  hi 
included  in  the  abstract. 


